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We demonstrate novel lock-in detection techniques, using wavelength selective modulation of
ultrafast pump and probe laser pulses, to discriminate between vibrational coherence and electronic
population decay signals. The technique is particularly useful in extracting low frequency
oscillations from the monotonically decaying background, which often dominates the signal in
resonant samples. The central idea behind the technique involves modulating the red and/or blue
wings of the laser light spectrum at different frequenci@g and (15, followed by a lock-in
detection at the sum or difference frequen@g+ Q5. The wavelength selective modulation and
detection discriminates against contributions to the pump—probe signal that arise from degenerate
electric field interventionsi.e., only field interactions involving different optical frequencies are
detectegl This technique can be applied to either the pump or the probe pulse to enhance the
off-diagonal terms of the pump induced density matrix, or to select the coherent components of the
two-frequency polarizability. We apply this technique to a variety of heme-protein samples to reveal
the presence of very low-frequency modes20 cm ). Such low-frequency modes are not
observed in standard pump—probe experiments due to the dominant signals from electronic
population decay associated with resonant conditions. Studies of the diatomic dissociation reaction
of myoglobin (MbNO—Mb+NO), using wavelength selective modulation of the pump pulse,
reveal the presence of an oscillatory signal corresponding to the 226 EeHis mode. This
observation suggests that the spin selection rules involving the ferrous iron atom of the heme group
may be relaxed in the NO complex. Mixed iron spin states associated with adiabatic coupling in the
MbNO sample could explain the fast time scales and large amplitude that characterize the NO
geminate recombination. @001 American Institute of Physic§DOI: 10.1063/1.1363673

I. INTRODUCTION molecules like NO, CO, and O Here, we study the ferric
Femtosecond coherence spectrosct®s is a pump— and ferrous unbound species as well as the NO bound state.

probe technique that utilizes the bandwidth of femtoseconty\./e have developed wavelength selgctlve modulation tech-
laser pulses to prepare and monitor coherent states in a widhques to detect low-frequency V|bra'F|onaI modes coherently
variety of sampled:1° This technique allows the real-time driven by a pump pulse resonant with the Soret absorption
observation of ultrafast processes. Following pump pulse ext@nd of trl‘z‘?. heme chromophore. The low-frequency modes
citation of a resonant two electronic level system, two typesietected-*?in heme proteins are conceivably connected to
of processes can occur that we refer to as “field driven” andthe energy transport between the active site and the protein
“reaction driven.” In the first case the pump pulse excitesbackboné®** which is expected to be important to the
the Raman active modes of the sample without affecting it9hysiological functionality of the protein.
structure. In the reaction driven case, the excited electronic  The signals generated using FCS under resonant condi-
state rapidly decays into other electronic states due to noriions consist of damped oscillations corresponding to the vi-
radiative surface crossing, and the system is left in a coherefwrational modes excited by the pump pulse, along with a
“product state.” The delayed probe pulse monitors thesuperimposed monotonically decaying background, usually
change in the sample absorption induced by the pump pulseelated to processes like electronic relaxation, ligand recom-
In this work we focus on the detection of time resolved bination (for the samples involving photodissociatjprmnd
low-frequency vibrational modes in heme proteins. Thevibrational cooling. Vibrational oscillations below 400 ¢
heme proteins form a large class of biomolecules, which argre accessible using pulses-e860 fs. The main goal of the
involved in a variety of important biochemical reactions suchpresent paper is to demonstrate experimental techniques that
as diatomic ligand storage and transport, enzyme catalysigesolve the vibrational part of the signal from the monotoni-
and electron transport. The iron atom, placed at the center Qfa|ly decaying background. The motivation for this endeavor
the heme grougactive sitg, can reversibly bind diatomic s the fact that very low-frequency modés40 cmi 1) are
quite difficult to recover from the data by signal processing
dElectronic mail: champ@neu.edu when they are superimposed on a str¢gagd often nonex-
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ponential monotonically decaying background. about 0.4 nJ per pulse pair. A pump—probe pulse pair affects
Various data analysis methods are currently used to edess than 1% of the sample. We use-8.5 inch spinning
tract the oscillatory components from the dtt@ne popular ~ cell, rotating at~3500 rpm, to refresh the sample in the
method is a linear predictive singular value decompositiorilluminated volume. Under these conditions, there is no
(LPSVD) algorithmt"*8that uses decaying exponentials to fit build-up of unligated species in the NO bound samples.
the monotonically decaying part of the signal and, at the  Potassium phosphate buff@@H=7.8, 0.1 M is used to
same time, fits the oscillatory part of the signal using dampediissolve the protein, and 2l of 1 M dithionite solution is
cosine functions. An alternative way of fitting the experi- added to 9Qul of buffered sample to obtain the deoxy spe-
mental data is through a maximum entropy metfiBdEM)  cies. An additional 1ul of 1 M NaNO, solution is added to
algorithm that fits the monotonic part of the signal usingprepare the NO adduct. The protoporphyrin(FePPIX so-
exponentials with a continuous distribution of decay rateslution was prepared with the addition of 0.1 M
The oscillatory part of the signal that is left after using MEM 2-methylimidazolgwhich coordinates to Beand 1.5% cetyl
to extract the background can be analyzed using LPSVD or gimethyl ammonium bromidéCTAB), to prevent sample
Fourier transform algorithm. The power spectra generatedggregation. The microperoxidaséMP8) solution was pre-
using both methods are usually in excellent agreement. Howpared with the addition of 1.5% detergei@TAB), to pre-
ever, as the oscillatory frequency is lowered, both methodgent sample aggregation. The octaethylporphy@&EP was
of analysis begin to generate unsatisfactory results in thgiluted in an aqueous sodium dodecyl sulph@BS deter-
presence of a strong monotonic background. In this paper wgent micellar solutiod® with the addition of 2 M
offer an experimental solution to this problem. 2-methylimidazolgwhich coordinates to FeThe H93G Mb
One method of extracting the vibrational signal from thesample was provided by Professor Doug Barfidéhn Hop-
monotonic background arises from the fact that these twqins University, Department of Biophysicend was pre-
types of signal are generated differently. A major componenpared according to standard proceduf&s.The concentra-
of the monotonic background is the population decay of extion of protein is chosen so that the sample has an

cited states, which does not require the spectral bandwidthsorbance of about 0.6 OD at the pump wavelength in a 0.5
available within the laser pulse to generate signal. If we conmm cell.

sider a second order electric field interaction for each of the  The pump—probe settibis shown in Fig. 1 and involves

pump and probe pulsdsvhich is the lowest order that can g grating pair to disperse the profféig. 1(a)] or the pump
contribute to the four wave mixing signalthe two field  [Fig. 1(b)] beams. The dispersed light is collimated by a lens
interventions involved in the pumfor probe interaction  ang s reflected back by a mirror. The distances between
will have to involve identical frequency components from these three optical elemen(grating—lens, lens—mirrprare

the laser bandwidth in order to cregfer monitop an elec-  gqual to the focal length of the lens. This is a regular pulse
tronic and/or vibrational population. On the other hand, ashaping geomet?y in which the grating is used in a double-
vibrational coherence needs t.he spectral bandwidth of bOtBass configuration. The returning beam makes a slight angle
the pump and probe pulses in order to be observed. TwQiith the incident one, such that it can be picked off on the
fields of different optical frequencieswf—w,=w;) aré  eqge of another mirror after the second reflection off the
needed within the pumyor probg spectral bandwidth in  gratings. The chirp is being compensated by a double prism
order to createor detect a coherence at frequenay;. We  geyp for the undispersed beam and for the dispersed beam
have used the different electric field dependence of the popype position of the lengL3) is varied?® An acousto-optic
lation and coherence terms to develop a technique that difmodulator(AOM) (Neos Tecnologigsis used to modulate

ferentiates between these two sources of signal. This tecrghe pump beam at 1.5 MHz. The pump—probe delay time is
nique involves wavelength selective modulation of the, g.ieq using a Jum step translation stag&M).

speqtral components of the pump 'and probg Iase'r.pulses. A n Fig. 1(a), we show how the probe beam is dispersed
detailed prese_zntatlon of the techr_uque and its ability to ®hy the grating pair and modulated at selected wavelengths.
solve the os_(:lllatory part of the signal from the mMonotoniCtha AOM is placed on the other beam, the pump, which is
background is presented below. not dispersed. For the application presented here, a fork
chopper(CH10 made by Boston Electronicé~C) is placed
on the dispersed beam in front of mirror M3 to modulate half
We use a self-mode-locked Ti:sapphire lag®ferdi  of the probe’s spectrum at 900 Hz. Due to the fact that the
Pumped Mira 900, Coherent Incto generate the pump/ final signal is detected at the working frequency of the fork
probe laser pulses used in this work. The laser generatetopper, only the modulated part of the third-order polariza-
femtosecond pulse&t5-100 f$ with a center wavelength tion (generated by the modulated part of the third field’'s
between 700 and 960 nm. When trying to detect low-spectrum will be detected in the final signal. Thus, the
frequency modes we use the longest pulses avail@fle  chopped part of the probe spectrum defines the spectral con-
100 f9. A 0.2 mm BBO crystal is used to double the IR light tent of the third field involved in signal generation in this
in order to obtain blue pulses, resonant with the Soret abfour wave mixing experiment. After the sample, the probe
sorption band of the heme proteins under st@dig0—-435 beam is again dispersed by a grating. The modulated part of
nm). In all experiments discussed here, the pump and probthe probe spectrum is blocked, so that only the unmodulated
light have the same spectral content. The average power dfalf of the probe spectrum is incident on the photodifsiz
blue light at the sample is 30 mW, which corresponds toFig. 1(a)]. The detected part of the probe spectrum defines

Il. MATERIALS AND METHODS
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FIG. 1. (a) Description of the experimental setup used
for the frequency selective probe modulation. The
probe beam is dispersed using a first gratiégd), col-
limated by a lengL3), and reflected back by the mirror
M3. The fork choppelFC) used to modulate parts of
the probe spectrum is placed in front of M3. After the
sample, the probe beam is dispersed agaging G2
and the unchopped part of it is detected with a photo-
diode (P). The signal is processed by two cascaded
lock-in amplifiers. The symbols used in the figure are:
lenses: L1-6, second harmonic generating crystal:
SHG, beam splitter: BS, mirrors: M1-6, dispersion
compensator: DC, acousto-optic modulator: AOM, half
waveplateN/2, quarter waveplatex/4, diffraction grat-
ings: G1 and G2, fork chopper: FC, stepping motor:
SM, sample cell: S, polarization analyzer: A, photodi-
ode: P.(b) Description of the experimental setup used
for the frequency selective pump modulation. The
pump beam is dispersed using a grati®. Two fork
choppergFC1 and FCRare used to modulate parts of
the pump spectrum. The full spectral content of the
probe beam is detected with a photodid® The sec-
ond lock-in amplifier is triggered by the sum of the two
chopper frequencie§-C1+FC2).

the spectral content of the fourth field. Because of this, thesample cell usig a 2 in. lens. The pump beam is spatially
detected signal will arise from the distinct spectral contentdlocked and selected against by a polarization analyzer, pro-

of the third-order polarization and the final electric field in- vided that the pump and probe beams have perpendicular
polarization. The output of the photodiode is fed into the first

tervention.

The pump and probe beams are focused into a rotatingpck-in amplifier (SRS 844 phase locked to the acousto-
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optic modulator. The time constant on this first lock-in is set 100 F
at 100 us so that the signal at 900 Hz will not be averaged

out. The output of the first lock-in is fed into a second one __
(SRS 850 that is phase locked to the 900 Hz fork chopper. (:; 0.75
The time constant of this lock-in is set to 300 ms, which is T
comparable to the waiting time of 200 ms spent by the step-‘zE
ping motor(SM) at each delay point. The autocorrelation is 2 050 -
run under the same conditions as the experiment in order tc | | %=027ps

V]

433 nm

=426 nm
Pump =

Laser

5 A0 4% 440 45
Wavelength (nm)

Probe

account for the delay in the time response of the lock-in and il Residual
provide an accurate pump—probe zero delay. The seconi 025 . . \
lock-in generates the final recorded signal. The motivation 05 10 15 20 25
for this setup will be addressed in more detail below. Time delay (ps)
When we apply the wavelength selective modulation Openband detection

technique to the pump beam, the pump must be disperse:
[Fig. 1(b)]. Two fork choppers working at different frequen-
cies (0g=900 Hz andQ g=600 Hz) are used to modulate
the red and blue halves of the pump’s spectferg., see also =
the top right panel of Fig.)8 The AOM is also placed onthe g 050 -
pump beam. After the sample the pump beam is againz
blocked and the full spectrum of the probe is detected by a & 095
photodiode(P). The output of the photodiode is fed into the £

. . g . . L Oscillatory part of signal (x20 '
first lock-in amplifier, with the time constant set at 108, cllatory partof sgral 620)

phase locked to the AOM at 1.5 MHz. The output of the first 00 -

lock-in is fed into the second one, which is phase locked to N A T R TN T T

the sum of the two chopper frequencie€@{,y=1.5 kH2). 05 1.0 15 20 25 30 35

To generate the sum frequency we use a frequency mixer to Time delay (ps)

mix the two initial frequencies and an electronic filtevodel  riG. 2. Fcs signal from deoxy Mb using detuned detectismper panél
3382, Krohn Hite Corp.to select the sum from the initial and open band detectigiower pane). The circles are experimental data
frequencies and their difference. In order to generate signa!;loénct;uargdo}hsez‘)’('idl\'liget‘sethse :Srsu\r/nDJ;t-t r;“faisr‘esretsm;f:";’éhz rijb?g;ption
that will be (_jete(;ted by the second lockat Qg+ Q) the dgtection conditiozs. T\’NO exp%nential decay timespchar;::te’rize the mono-
two pump field interventions have to be modulated(at  tonic background of the FCS signal.

and (g, respectively. The two fork choppers are placed on

the dispersed pump beam’s spectrum such that the spectral

components modulated &g and Qg do not overlap. The
two pump field interventions will consequently have distinct

spectral content.

075 X

e

~ i Wavelength(nm)

o

For the more commonly employed “open band” detec-
tion, a photodiode is used to detect the full spectrum of the
probe beam and, once again, both the low-frequency part of
the sample’s vibrational spectrum and the background signal
gl':v_:_/ﬁ\éEPLREggg';jLES"‘EECﬂVE MODULATION are enhanced. In Fig. 2 we present examples of data gener-

ated using deoxy Mb with both detunédpper paneland

The self-mode-locked Ti:sapphire laser produces pulsespen band detectioflower panel. As seen in the detuned
(7=50 fg that can excite and probe vibrational coherencesneasurements of Fig. 2, the high frequencies are selected
within its spectral bandwidti~400 cni'). For biomol- over the decaying background, whereas in the open band
ecules, the low-frequency modésnder 100 cm?) are of  measurements the low-frequency oscillations ride on a very
special importance because, if they are more delocalizedtrong background signal. This can be intuitively understood
they may be involved in energy and information transport.if we think of the monotonically decaying background as a
For example, in heme proteins, the doming mode of thezero frequency signal, which is enhanced along with the low-
heme is expecté®?®below 100 cm*. frequency modes. The lower the frequency of the mode we

We have previously discussed the methodology of deare trying to detect, the harder it will be in the data analysis
tuned detection to selectively enhance the low- or highto separate it from the background.
frequency part of the measured sighat?2%2’In the detec- One of the novel aspects of the present work involves
tion scheme for detuned detection the probe beam ithe experimental discrimination between the background and
dispersed using a monochromator, and a photomultipliethe low-frequency modes. In order to explain the technique,
tube detects a selected narrow bandwidth within the probe’se first need to discuss the key differences between the ori-
spectrum. We have shown that detection close to the carriggin of the background and the oscillatory signals.
wavelength of the probe pulse spectral distribution selec- After the pump pulse interaction, vibrational coherence
tively enhances the low-frequency modesd the “zero fre- is induced in the sample, as manifested in the off-diagonal
guency,” monotonic background signaivhile detection in  terms of the second order density matrix. The delayed probe
the wings of the spectral distribution enhances only the higlpulse monitors the subsequent nonequilibrium response of
frequency modes. the medium, which includes vibrational and electronic popu-
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lation decay in addition to vibrational coherences. The

pump—probe signals are readily analyzed in the well- sisdilaed |<&.|<i.| modulated
separated pulse limit, where the pump and probe pulses ar CSRS P signal - .1— CARS P signal
temporally separatedf. The generation of the third-order po- i : N
larization and its subsequent detection have been studied us - / — %
ing density matrix pathway&?’ and the doorway window 3 // N E
picture?>*° For the present analysis, it is convenient to ex- % J ol Y
press the polarization in terms of the two frequency 2 YN L v : ,&'%
polarizability*** a(w, "), which reflects the nonstationary 2 R/ B
response of the medium induced by the pump pulse. If we™ /& s /! gl '
denote the spectral envelope of the probe pulse electric fielc e € ) E E I
asE,(w), the third-order polarization can be expressed as // // ! s i
o - T | )
Plw,7)= f_xd“" a(w,0')Ep(w)e, ) 0300 050 o, ot150 04300

C
Frequency (cmi')

wherer is the pump—probe delay time. The final open ban IG. 3. Graphic scheme depicting the spectral structure of the probe field

detected signal is obtained as the overlap of the final probgeryentions that generate the observed signal. The solid line is the modu-
field with the third-order polarization lated half of the probe spectrutthird field). The dashed line represents the
detected third-order polarization, shifted from the carrier frequency by the
© . energy of the observed vibrational mode. The circles represent the detected
S(7)= f do o Im[ E; (w,7)P(o, T)e_lm]- (2 half of probe pulse spectrutfourth field. The measured signal is generated
0 in the overlapping spectral region between the modulated part of the third-

. - . order polarization and the fourth field.
The two-frequency polarizability(w,w") has the following P

typical form:

pulse spectrum is modulated and the Stokes and anti-Stokes
a(w,w’)=ao(w)5(w—w’)+z aj(w)d(w—o'*+w)), shifted components of the modulated part of the polarization
! 3) are also shown. Since we selectively detect only the un-
modulated part of the probe pulse spectrum, the overlap of
where the summation is over all the vibrational frequencieshe CARS(anti-Stokeg shifted polarization and the unmodu-
w; present in the systenay(w)andea;(w) are functions that lated half of the probe pulse spectrum determines the final
depend on the electron—nuclear coupling and the pump irsignal as described by E€). It is clear that the overlap is
duced displacement for the modg as well as other prop- nonzero only ifw;#0. In other words, the backgrouna
erties that govern the line shape of the system. It is clear=0) components of the pump—probe signal can be experi-
from the above expressions that the oscillatory parts of thenentally eliminated using this approach. In order to com-
pump—probe signal arise from the off-diagonal pdits.,  pletely eliminate the background signal, no modulated probe
w#w') of a(w,w"). These oscillatory signals are hence ob-light can be allowed to reach the photodiode. However, due
served only when the frequency components of the secont the finite resolution in selecting the detected portion of the
probe field in Eq(2) are different from those of the first field light, it is sometimes necessary to let some of the modulated
in Eqg. (1) that generated the third-order polarization. More probe light reach the detector. In this way we can be certain
precisely, the two optical frequencies involved in signal genthat the fields necessary for the detection of very low-
eration must be separated by the vibrational mode frequendyequency modegspectrally very close to the modulated
wj. It is clear from Eq.(1) that the resulting third-order light) are present. As a result, the low-frequency modes will
polarization consists of blue- and redshifted spectral funcsometimes ride on a small background signal.
tions, proportional toE,(w* w;), which correspond to co- One possible concern related to this technique is that the
herent anti-Stokes and Stokes Raman spectros@@BRS  temporal shape of a pulse with a non-Gaussian spectral dis-
and CSRS resonangd¥”"*[here, we assume that(w) is  tribution might affect the measured signal. To study this pos-
slowly varying with respect t&(w)]. In contrast, the mono- sibility, we performed a series of control experiments in or-
tonically decaying(zero frequency background signal is der to define the conditions under which the ensuing signal
proportional to the “diagonal” parts o&(w,w’), which are  contains the expected oscillatory components without any
observed only when the third and fourth field interactionsdistortions or artifacts. In Fig. 4 we present the signals ob-
have the same optical frequen@ye., v=w"). tained using deoxy myoglobin (MB) under four different
Now, consider the case where a wavelength selectiveonditions. As described earlier, half the spectral content of
modulation is applied to one half of the probe pulse spectrunthe probe beam is chopped with a fork chopper. In the first
on either the red or the blue side of the cerftarrien wave-  panel we present the signal obtained if a 0.2 nm spectral
length. The third order polarization detected by the lock-in iswindow of the unchopped portion of the probe light is de-
generated by the modulated half of the spectrum, so that theected. This window is placed 165 crhfrom the cut made
final signal in Eq.(2) can be obtained by monitoring the by the fork chopper in the probe spectrum. The signal that
other half of the probe spectrum, as shown in Fig).lln  dominates under these conditions is a damped 165%cm
Fig. 3, we show the case where the red half of the prob@scillation, symmetric around the zero delay time. Moving
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0.2 nm detected
165 cmi' from cut

detection
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8 0.2 nm detected

. &2 _
v, =100 cm ! % 100 cm’' from cut

detection

1 nm detected
100 ¢m* from cut
detection

é% : . All unchopped
- ™~ ol bandwidth detected
Enlarged Signal 9 1
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\ /e &

20 5 0 05 00 0% 10 15 20 1% 430 40 43 4% 4% 440
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FIG. 4. Sequence of frequency selective probe modulation experiments on deoxy Mb under different detection conditions. Left panels preseatethe gene

FCS signals, whereas the right panels depict the detection conditions of the experiment. The grayed area is chopped by the fork chopper. limietse exper
we used 55 fs pump/probe pulses with a 434 nm carrier wavelength.

the detection window to a new position, 100 chfrom the  lays now shows just a monotonic decay, whereas at positive
cut made by the fork chopper, changes the frequency of théme delays we observe the oscillatory signal characteristic of
observed oscillation to 100 cm, as seen in the second deoxy myoglobin. Thus, by chopping half of the probe spec-
panel. Increasing the width of the detected spectral windowrum and detecting the entire bandwidth of the unchopped
to 1 nm damps the observed oscillation, as seen in the thirgpectral regions one can detect the coherent oscillations of
panel. The frequency of the damped symmetric oscillation ishe material and experimentally discriminate against the
determined by the detuning between the edge of the forknonotonically decaying background. For all the data pre-
chopper and the detection window, while the damping issented in this paper we have run symmetric scans and veri-
determined by the width of the detection window. As seen irfied that no oscillatory signals were detected for negative
the fourth panel, the symmetric detuning oscillation can bdime delays. This is the best method to ensure that the de-
completely damped if the entire unmodulated half of thetected signals are a measure of the sample response, undis-
probe spectrum is detected. The signal at negative time deerted by the detection technique. Since a traditional autocor-
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the pump pulse spectrum. The transmitted probe light is in-
cident on a photodiode and, as described earlier, detected by
A modulated the two cascaded lock-in amplifiers phase locked to the
AOM (1.5 MHz) and to the sum frequency of the two fork
choppergsee Fig. 1b)]. In order to understand the mecha-
nism behind the pump pulse modulation experiments, we
take a density matrix approach. When interacting with a two
0w electronic level system, a femtosecond pump pulse can in-
duce vibrational coherence in both the ground and the ex-
cited electronic states. The nonstationary state induced by the
pump pulse can be described using the second-order pertur-
/ bative expression for the doorway density matrix for the
ground and excited electronic stafés®
In the Appendix, we consider a two-level system with a
single linearly coupled modérequencywg), and present a
S(DL simple analysis of the pump pulse modulation experiment for
- €l ——— the excited state doorway density maipix[Eq. (Al)]. Since
only the signal modulated at the sum frequen@gy(+ Qg) is
) detected, only those terms of the second order density matrix
: with one field component from the red and blue wings of the
pump pulse spectrufEg(t) and Eg(t) in Egs. (A3a) and

modulated
at QB at QR

Coherence Population

_ :mo

N B B €0 ——

T &y ——

! : (A3b)] are relevant. It is shown in the Appendix that the
. (g,0) —L elements of the density matrixp(),,, induced by the field
combinationEEgEg andEgER will be suppressed in the sig-
FIG. 5. (U 8 Description of th ral modulati donth nal detected at Qg+ Qg) if the condition |(v—v')|wy

. 5. (Upper panel Description of the spectral modulation used on the : " . :

pump beam. The red and blue parts of the spectrum are modulated at fre<- dw is satlsflec{see Flg. 5 and EO_(A5)]- Here, jw is the
quenciesly and Qg. Sw is the width of the unmodulated spectral region requency gap determined by the distance between the blades
between the two chopper@.ower panel Energy level diagrams describing of the fork choppers that modulate the red and blue spectral
the creation of a vibrational coherence in the excited electronic state and ”‘}Sarts of the pump pulse. In particular, the zero-frequency
population of the first vibrational level of the excited electronic state. The back . | which d ,t lation d
electronic states are labeledexcited and g(ground, the vibrational states ( _aC ground signal, which correspon S 0 population gecay,
are 0 and 1. The unmodulated gap widths) is compared to the energy of Will be suppressed as long a&>0. This suggests how we

the excited state vibrational modesf). A similar picture can be easily can use the capability of pump-wavelength modulation to
constructed for ground state coherences. selectively eliminate the contributions of the background
from the measured probe response. In the Appendix, we also

relation measurement sums photons containing fields of th(ejzlscuSS how electronic and vibrational dephasing processes

same wavelength, it yields no signal under these detectiof:fa.n affect.the resolut.|on of thg wavelength selective modu-
conditions. ation. While electronic dephasing does not affect the sharp-

ness of the frequency selection, vibrational dephasing can
affect the resolution of the wavelength selective modulation.
Thus, the conditiorwy< dw for suppression of theq fun-
damental will not be sharp, but will exhibit a smooth behav-
In a density matrix description of the signal the diagonalior as dw is varied across the finite bandwidth of the vibra-
elements represent the population terms, whereas the offional mode.
diagonal elements represent the coherence. In the previous If the blue and red modulated spectral regi¢sisaded in
section, we discussed how the different frequency compothe upper panel of Fig.)5are separated by an unmodulated
nents of the probe pulse can be modulated and detected tegion of width dw (determined by the distance between the
discriminate against the population decay contribution to thédlades of the two fork choppéerghe two fields that generate
signal. In the present section, we discuss how a similar chogsignal atQ) g+ Qg will be energetically separated by at least
ping scheme applied to the pump pulse can be used to seleétr. Two energy level diagrams are presented in the lower
coherent oscillations based upon the optical frequencies gianel of Fig. 5, associated with two possible pump induced
the fields needed for their generation. In this way, the signalprocesses: the creation of excited state coherence and popu-
arising from two pump fields of identical frequenciésx- lation. In this figure, we compare the energy of a vibrational
pressed in the diagonal terms of the density maten be  mode () to the spectral gap between the modulated re-
suppressed. gions (bw). For dw=0, when the fork choppers’ vanes
As discussed earlier, two fork choppers are used tdeave no unmodulated spectral region between them, any vi-
modulate the red and blue sides of the pump pulse spectrubrational mode accessible within the pump pulse bandwidth
at two different frequencies)r andQg. This is schemati- will be detected, since the necessary field frequencies are
cally depicted in the top panel of Fig. 5, where the shadedvailable from each modulated spectral regifg@ndQg).
regions correspond to the modulated blue and red sides @s soon as the choppers are separated to leave an unmodu-

IV. WAVELENGTH SELECTIVE MODULATION
OF THE PUMP PULSE
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20 selective modulation of the probe beam facilitates the detec-
g% . g%% tion of low-frequency oscillatory signals with significantly
pump modulation x40 improved signal to noise.

15 only 3 . .

= / 4 An alternative way to enhance Fhe Qet.ectlon of Ipw—
— 1 frequency modes vs background can in principle be achieved
B 1 : by employing a detuned detection schéttd (see Fig. 2

B Ej} To optimize this scheme requires the availability of laser
£ 054 : : : pulses with bandwidth on the order of the mode frequency
§ - v 1"(I)'ime(ps) ” * (wg) as well as high monochromator resolution
g 004 %;‘2 (<wp). However, under these conditions only a relatively
g 1 ~ narrow portion of the low-frequency vibrational spectrum

pump modulation +
wavelength selective probe modulation

fees~l

can be enhanced. In contrast, the selective probe modulation
technique allows background free detection of a much
a5 oo o5 1o 15 20 25 30 a5  broader portion of the low frequency spectrum. Moreover,
Time (ps) the detuned detection scheme uses only a small fraction of
the probe laser light. Thus, as the resolution is increased for

FIG. 6. Comparison between two experiments on deoxy Mb, one using getter enhancement of the oscillatory signal vs background, a
regular pump—probe setup with open band detection and the other using t

frequency selective probe modulation technique. The background signal %ﬁgnlflcamly smaller amount of |I_ght_IS available for dete(_:-
almost completely removed and the oscillatory part of the si¢elarged ~ tION. As a result, the signal to noise in the detuned detection
40 times in the insgtis clearly exposed when using the second technique.scheme is reduced as the signal to background ratio is in-

We used 75 fs pump/probe pulses with a 442 nm center wavelength. In theragsed. In contrast, the Wavelength selective modulation
frequency selective probe modulation experiment the red part of the prob

beam is chopped and the blue part is detected with a photodiode. FeChnlque d?teCtS half of _the .probe spectral Conten.t’ which
leads to an improvement in signal to background without a
decrease in the signal to noise ratio. In a detuned measure-
lated region between thelfdw), the availability of modu- ment, it is straightforward to find the dependence of the
lated fields is restricted. One can see that if the unmodulategignal-to-noise ratio%y) as a function of the oscillatory sig-
gap is less than the frequency of the vibrational mode ( hal to background ratioSg). Assuming statistical noise, this
<wy), electric fields modulated & andQj are still avail- ~ dependence is given by the following expression:
able to generate the coherence associated with that mode.
However, if the unmodulated gap becomes larger than the 39(2)"12 In? Sg
mode frequency dw>wg), the m(_)dulated fields can no _ S~ exp 4 SQSInZ
longer generate a coherence at this frequency. Processes in-
volving pump induced population dynami¢aeeding two  \yhere ) o= w,/o and o is the full width at half maximum
fields of the same coldpmwill not be detected by this method (FWHM) of the spectral content of the pulse intensity
as long as the two choppers modulate distinct spectral r'E2(w)], and wy is the energy of the specific mode to be
gions and the detection is at the sum frequefigy+ Qg . detected. This expression describes explicitly how the signal
Potentially, this approach can distinguish the coherenfy npojse decreases as the oscillatory signal to background
response of an overdamped low-frequency mode from thesiio is enhanced by detuning the detection window away
population dynamics of electronic relaxation and cooling. Itfrom the carrier wavelengthu(,). Plots of Eq.(4) are given
can also select against signals generated through processgsrig. 7 and demonstrate how this decrease becomes more
like sequential dissociation of a ligand, which may involve 5cute for lower frequency modes§<o, Qy<1). As ex-
the initial preparation of populations and the subsequenbected, when the mode frequency begins to exceed the band-
dynamics*® width of the laser pulse o> o, Qo>1), the signal also
diminishes.
V. APPLICATIONS TO HEME PROTEINS Since wavelength selective modulation does not suffer a
decrease in signal to noise as the signal to background is
increased, it is the preferred method for the detection of low-
We have applied wavelength selective modulation techfrequency modes. For example, when the time delay scan
nigues to heme protein samples in an attempt to more clearlyange is increased and the pulses are broadened @® fs,
reveal low-frequency modes in the absence of backgroundvavelength selective modulation of the probe pulse allows
In Fig. 6 we compare traditional open band measurements afs to observe a mode near 20 ¢hin heme proteins that
deoxy Mb to the signals generated using wavelength selecannot be clearly detected using traditional measurements.
tive modulation of the probe puld&ig. 1(a)]. As predicted, Open band measurements enhance low-frequency modes
the signal generated using the selective modulation of thalong with the monotonic background, such that the low-
probe pulse contains the oscillations in the absence of backrequency oscillations cannot be reliably extracted by data
ground. On the other hand, the traditional open band signanalysis from the strong background. The background free
contains a strong, monotonically decaying background suescillatory signal generated using the wavelength selective
perimposed with the oscillations. The absence of the monomodulation of the probe beam enables reliable detection of
tonic background signal in the data generated by wavelengtlow-frequency modes in FCS. In Figs(8 and 8B) we

0.5 4

4

A. Probe beam modulation
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1.0 tion. However, in both ligated and unligated samples, the
probe pulse interrogates the unligated species.

Special precautions were taken to check for the reliabil-
ity of the data showing the-20 cm ! oscillations. Samples
displaying a~20 cm ! oscillation, as well as samples that
do not display it, were run “back to back(the sample cells
were switched and run under identical experimental condi-
tions) to ensure that the observed oscillatory signal is sample
dependent. Long symmetric scans were measured, and the
negative time delayprobe before the pumsignal was ana-
lyzed to check for the presence of symmetric damped oscil-
lations, similar to those presented in Fig. 4. No such signals
were found. Moreover, the 26—27 crhmode in NO bound
hemoglobin was detected using both the wavelength selec-
tive probe modulation technique and the standard open band
1 detection experiment. The monotonic part of the open band

generated signal for HbNO is first fit using the MEM algo-
FIG. 7. Dependence of the signal-to-noise ragig)(for the detuned detec- "thm and the residual oscillatory signal is fit using the
tion scheme, as a function of the oscillatory signal to background raglp (  LPSVD algorithm, which distinctly reveals the 26—27 th
for five values of(),. Here,Q)o=wq /0 /o, o is the bandwidth of the laser component in the power spectryaiashed line in Fig. &)].

light, andw is the energy of the specific mode to be detected. The plotted-l—hiS demonstrates definitively that the modes in the 20-27
expressionEq. (4)] describes explicitly how the signal to noise decreases as

the oscillatory signal-to-background ratio is enhanced by detuning the deM ' region are properties of the studied samples and inde-
tection window away from the carrier wavelengih j. The expressions for pendent of the detection technique.

Sy and S used to derive Eq4) are: Sy~ (E- P®)(Q,))%5~exp(x®In 2)
-exp(—(x— Q)2 2) andSg~ P)(Q)/E~exp(—2 In 2(Q3—20x)), where
x=(w—w)/o is the detuning from the carrier wavelength normalized to
the bandwidth of the laseff is the intensity of the electric field, and

P(3?(QO) iS' the third-order.polarization for the mode,. The units are . In the case of Wave]ength selective probe beam modula-
ilrL?clit;ry since frequency independent scaling factors have not been |n[-lon, only processes that need probe fields of different colors

to be detected are present in the final signal. The results of

wavelength selective pump beam modulation are very simi-
present the oscillatory part of the signals obtained by applylar to those obtained from probe beam modulation. When
ing this technique to a variety of heme protein samples. Th@hotostable samples are measured, the signal arising from
background signal is decreased by at least an order of magopulation termgi.e., the absorption of a photon with two
nitude. The small amount of background present in the ravidentical pump field frequenciggienerates a monotonically
data, due to the finite resolution in selecting the detectedlecaying background that is not passed through the second
portion of the light, has been removed using the LPSVDIlock-in amplifier. In contrast, the vibrational coherences need
algorithm. The most notable featdf®f the signal generated two different color pump fields to be generated and they are
from ferrous myoglobin and ferrous protoporphyrin 1X is the modulated aflr and()y so that the coherence signal passes
presence of a long lived mode near 20¢m through the lock-in tuned t6 g+ Qp.

Results obtained on other samples containing Fe proto- It has previously been suggestethat samples undergo-
porphyrin 1X as the active site demonstrate that the 20tm ing a (nonadiabatit photolysis reaction can lead to product
mode is sample dependent. A long-lived 23 ¢nmode(see  state vibrational coherences that are triggered by the
Table ) was observed in ferrous H93G myoglobin, a myo- electron—nuclear coupling forces that develop during the
globin mutant for which histidine 93 is replaced by a glycine photochemical reaction. In contrast to field driven coher-
(which does not coordinate to the heme iromnd ences(which are created by pump fields of different color
2-methylimidazole is ligated to the heme. In ferrous hemo-+he reaction driven coherences can, in principle, arise from
globin, the mode is detected at 26 chsee Fig. 8) and  pump induced electronic populations, which evolve rapidly
Table . to the final electronic product state. Upon the absorption of

We have also studied several heme proteins that do ndhe pump photon, the system is projected onto an excited
contain protoporphyrin 1X in the active site. For example, state potential and evolves, as the ligand dissociation takes
ferrous cytochrome c, ferrous microperoxidase and ferrouplace, towards the product stdt&uch reaction driven co-
octaethylporphyrin do not show a low-frequency mode neaherences, if they are generated by pump fields of the same
20 cm ! [see Fig. 8) and Table ]. These results suggé$t color, are not expected to appear in the pump beam modula-
that the~20 cm ! mode is protoporphyrin 1X specific. In tion experiments. This is because the signals observed in the
the NO bound species of ferrous myoglobin and hemoglobinwavelength selective pump beam modulation experiments
the 20—-27 cm® mode is observed with a much shorter life- must be generated from a pump field intervention from each
time than in the unligated samplgsee Fig. 8)]. This dif-  of the two different spectral regions modulated(st and
ference in lifetime is significant, because for the ligatedQ gz by the fork choppers. Only this “off-diagonal” compo-
samples the pump pulse triggers a photodissociation reacent of the pump induced signal will be modulated at the

Signal-to-noise ratio (S)

3 5 7 9
Oscillatory signal to background ratio (S,)

B. Pump beam modulation
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FIG. 8. (A) Sequence of experiments
using frequency selective probe modu-
lation on Mb and Hb. The left panels
present the oscillatory part of the gen-
erated signal and the right panels show
the corresponding power spectra. The
20-27 cm?! oscillation extracted
from the LPSVD fit is shown dis-
placed from the data for the samples
that display this mode. A second
power spectrum (dashed ling for
HbNO corresponds to the signal mea-
sured using open band detection. The
vibrational mode near 27 cm is a
common feature observed using both
detection conditions(The mode at 42
cm ! in the lower right panel is
anomalously low in this data set and is
normally found near 47 cm.) (B) A
similar sequence of experiments on
heme model compounds and cyto-
chrome c.

monotonic backgroundthat has been subtracted from the

presented dajas probably related to the vibrational damp-
The oscillatory signals obtained by applying the wave-ing which affects the resolution of the techniq(see the

length selective pump beam modulation technique to NQliscussion in the Appendix For the data presented in the

bound myoglobin are presented in Fig. 9. The small residudiirst panel, the vanes of the two choppers were placed as
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TABLE I. The frequency and lifetime for the 20 c¢rh mode in heme  coherence and population terms in the signals generated by

systems. The frequendy in cm™ ), period of oscillation(T in p9), lifetime mo—or femt cond s tr Within nsit
v~ Lin ps) and line width(y in cm™*) of the ~20 cm * mode are displayed pump—probe femtosecond spectroscopy. a density

for the studied heme proteins. The estimated uncertainty for the frequency i@amx description, these technlq_ueg are senS|t|ye to the _Off'
~2 cm L. The associated lifetime uncertainty is about 25%. diagonal termgcoherences and discriminate against the di-

agonal termdpopulation$, which contribute to the signal.

Sample v(em®) T y(m?) ¥y (@9  One motivation for developing these techniques is to obtain

Myoglobin coherent signals, free from the population induced back-
Deoxy myoglobin 20 1.66 4.2 25 ground decay that is often present in resonant samples. The
NO bound myoglobin 20 166 132 08  work described here presents an experimental solution to the

Deoxy H93G myoglobin 23 1.45 5.9 1.8

Met myoglobin problem of separating the oscillatory part of the signal from

the monotonically decaying background, a task that was pre-

Hemoglobin viously addressed in the data analysis.
Deoxy hemoglobin 26 1.28 6.6 16 Using these new experimental methods we are able to
NO bound hemoglobin 26 128 135 08  observe modes having frequencies as low as 20%cin

Model compounds some heme proteins. We also observed this mode in a pro-
Ferrous FePPIX2Me—Im 20 1.66 53 2 toporphyrin IX model compound, where a detergent micelle,
Ferrous OER-2ME—Im rather than the protein backbone, surrounds the heme. The

porphyrin macrocycle is a ringed structure containing 20 car-
Cytochromes bon atoms bound to an inner core of 4 nitrogens. Off the
Ferrous cytochrome C . . .
Ferrous octapeptide outer macrocycle, there are eight sites where substituent
groups can be bound (RRg). Iron protoporphyrin IX
(FePPIX is an asymmetric porphyrin with two vinyl groups
close to one another as possible, without being overlappelound at B and R, and two propionic acid groups aR
(see the inset in the top right panel of Fig. & there was and R. Horse heart myoglobin contains a FePPIX active
overlap, the spectral region modulated by both choppersite, which is covalently bound to the protein solely by a
would contain optical frequencies modulated g+ Qpg, histidine(His93) coordinated to the iron. The presence of the
leading to the detection of background signal, as in the stark0 cm * mode in the FePPIX model compound, which has
dard experiments. If a small gap is left between the choppeno amino acid backbone surrounding it, indicates that the
vanes to optimally suppress the detection of background sigebserved mode is localized at the heme. The mode near 20
nal, this will also select against the detection of th@0  cm ' appears only in samples containing iron protoporphy-
cm ! mode. Under typical pump beam modulation condi-rin IX and its frequency is sample dependent. It is notewor-
tions, the full vibrational spectruniabove~20 cmi't) al-  thy that most normal mode calculatiéfé® do not predict
lowed by our temporal resolution is observed. The observamodes of such a low-frequency to be localized at the heme.
tion of oscillatory signals when using wavelength selectiveThis is because these calculations are made considering only
pump beam modulation implies that two field interventionsa bare porphyrin macrocycléorphing, without the sub-
having different colors trigger the detected vibrational coherstituent groups present in FePPIX. Since the normal mode
ences. The need for different optical frequencies in generatalculationé* predict the doming mode to be around 50
ing the vibrational coherences in MbNO is further exempli-cm™* (the doming motion involves primarily the porphyrin
fied in the lower panels of Fig. 9. If the vanes of the two fork core), it is conceivable that the addition of the substituent
choppers are moved to leave between them a spectral regigmoups could induce the presence of even lower frequency
(dw) that is not modulatedsee the insets in the lower right modes in FePPIX. For example, calculations by Findsen
panels of Fig. § vibrational modes of frequency less than et al*° suggest that coherences between 20—35'caan be
déw can no longer be detected@k+ (5. This is due to the assigned to torsions of the heme vinyl groups. Thus, one
fact that the two pump field frequencies, each from a spectrgbossible (but speculative explanation of the strongly
region modulated by one of the fork choppers, cannot beoupled, heme localized, mode near 20 ¢nis that it cor-
closer to one another than the width of the unmodulatedesponds to vinyl isomerization following excitation in the
spectral region. It can be seen that, as the two vanes aSoret band. Such isomerization can be viewed as analogous
moved further apart, more and more low frequency modego the behavior of conjugated polyenes and would help to
disappear from the FCS sign@ee the power specjtaThe  explain the absence of the20 cm ! modes in samples that
wavelength selective pump beam modulation technique cajack the vinyl groupgsee Table)l
therefore also be a useful tool to filter and isolate the modes A broad peak near 25 c¢m, associated with the collec-
of interest. It is especially noteworthy that the Fe—His modetive oscillations of the polypeptide chain, has also been ob-
which is Raman inactive in MbNO, also disappears as thgerved in recent high-resolution synchrotron based
unmodulated gap between the fork choppers exceeds 22periment?' that are sensitive only to the vibrational spec-
cm t. trum of the®Fe at the active site of Mb. Similar features
(~20 cm 1) were observed in inelastic neutron scattering
V1. DISCUSSION from hydrated protein filnf€*3and in site-selected fluores-
We have developed novel wavelength selective modulacence spectra of Zn-substituted KfbThese experiments,
tion techniques that can be used to distinguish between thalong with protein density of state calculatidfisindicate
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that the feature near 20 crhin the neutron scattering ex- to the protein material explains the much shorter lifetime of
periments involves a more global protein motion. Since théhe ~20 cm™* mode in the ligated samplésbNO, HbNO).
FCS experiments on the FePPIX model compound also dentJpon dissociation of the diatomic ligand, the initial heme
onstrate that a local heme mode exists near 20'cmwve  localized forces rapidly redistribute the vibrational energy by
suggest that the active siteeme and the protein are poten- acting upon the surrounding protein. The nonconservative
tially coupled energetically through the near degeneracy owork resulting in the MbNe-Mb protein structural rear-
these modes. Recent protein photoacoustic experiments deti@gements, done by the reaction induced forces, would be
onstrate that the dominant displacement or strain along thexpected to increase the damping constant of-t26 cm *
reaction coordinate develops @ 2 pstime scale'® Both the ~ mode in the ligated samples. Structural relaxation of the pro-
oscillatory period(1.6 p3 and damping constarifi—1.5 p$  tein can also be inferred from the changes of the Fe—His
of the observed-20 cni * mode are in excellent agreement frequency following the photodissociation reactién?
with such time scales. The obser{&®! time scales of Since the pump pulse interaction with the photostable
motion over all available length scaléfsom changes in the sampledi.e., equilibrium deoxy Mb does not lead to large
vicinity of the heme site to the global, protein-solvent nonequilibrium displacements or major protein structural re-
motiony are approximately the same, suggesting thearrangements, the energy of the20 cmi ! oscillations in
presence of highly correlated dynamics in myoglokéee these samples is dissipated at a slower rate, yielding the
also Ref. 41 longer lifetimes. Finally, it should be noted that a resonant
It is also possible that the rapid transfer of the hemecoupling mechanism between the heme and the protein ma-
localized excitation energgafter the pump pulse interactipn terial (involving the ~20 cmi ! mode is conceivably in-
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volved in the dynamics of hemoglobin cooperativity, which active in the NO bound sample, the observed signal must be
links the oxygen affinity of one heme active site to the boundassociated with the deoxy myoglobin product state.
or unbound state of other active sites within the protein. One possible explanation for these observations is that

In addition to the 20 cm! mode, one also observes in an adiabatiostrong couplingg model provides a better de-
Fig. 8 the existence of a strong40 cm-* mode. The pres- scription of the dissociation process. In such a model the iron
ence of this mode in deoxy myoglobiand in most of the spin states of the reactailbNO) and the productdeoxy
heme proteins studied to daienplies that it is unlikely that Mb) are not pure $=0 and S=2, respectively, but rather
this mode arises from coherent population transfer betweehave a certain degree of admixture associated with them,
the ligand bound and unbound states as recently suggestatowing for direct electric dipole coupling between the re-
for cytochrome oxidas& This is because the deoxy samplesactant and product states. In the nonadiabatic model, it is
are not involved in ligand exchange reactions. It is pos¥ible generally assuméd that the electric dipole coupling be-
that the appearance of the40 cm ! mode in deoxy Mbis a  tween the reactarfMbNO, S=0) and produc{Mb, S=2)
coincidence and arises from a completely different mechastates is forbidden based on spin selection rules. This means
nism than the~40 cm ! mode associated with ligand disso- that only a chemical reactiofi.e., rapid ligand dissociation
ciation in Mb and cytochrome oxidase. However, the factafter the fields have ceased to evghsan access the final
that the~40 cm ! mode is observed in the wavelength se-product state and lead to coherence in the coupled degrees of
lective probe beam modulation experiments, which discrimifreedom.
nates against population induced signals, speaks strongly On the other hand, there are experimental results sug-
against the proposed coherent population transfer ifodgl ~ gesting that iron spin admixtures do exist in deoxy Mb and
a source of the-40 cm * oscillation, at least in MbNO. deoxy Hb. Measurements of the magnetic moments for

The observation of oscillatory signals in the pump beamPhosphate-free and phosphate-bound deoxy Hb generated
wavelength selective modulation experiments performed ofiifferent results;’ and it has been suggested that molecular
NO bound myoglobin yields further information regarding Vibrations can affect the spin state of the iron aftnThe
the photodissociation mechanism. Since the technique is sealculated®>®energy gap between the ground spin state and
sitive only to processes triggered by the intervention of twoother higher lying electronic spin states is at most a few
pump fields of different color, the signals arising from tran-hundred cm*, which is well within the range of thermally
sient popu|ation dynamics are almost Comp|ete|y e|iminated_eXCited nuclear vibrations. The existence of direct electric
In the nonadiabatic dissociation mod&khe vibrational co- ~ dipole coupling between the reactant and product states al-
herence is triggered by photon absorptiomo fields of the lows the pump pulse to directly generate product state coher-
same colorand subsequent rapid electronic surface crossin§nces, as the photodissociation reaction takes place. The
associated with the ligand dissociation induced iron spinPresence of such coupling is consistent with the observation
state changéfrom S=0 to S=2). In this model, the coher- that multiple optical fre.quenmes within thg pump pulge are
ent signal is expected to diminish when using the wavelengtR€eded for the generation of coherences in MbNO. Itis also
selective pump modulation, since the population terms ar€onsistent with the fact that the phase of tReaman inac-
discriminated against. This expectation is contradicted by thdV€) Fe—His mode is found to be 0 or in the MbNO
experimental results presented in Fig. 9, which demonstraté®Mple. Such observations provide strong support for an
that the vibrational coherence observed in the reactiv@diabatic strong coupling model in MbNO. _
samples is generated directly from the optical frequencies '€ presence of spin state admixtures could impact the
available in the femtosecond pump pulse. This is a remark(_:ha_ra(.:terlstlcs _of NO recombmauop, following the photodis-
able observation, particularly for the 220 cinFe—His Sociation reaction. Tg‘gj large amplitudi t95%) and fast
mode, since it is not observed in the resonance Raman spe@€ (7g~10-100 ps)” of the NO geminate recombination
trum of the reactan{fMbNO) and is not expected to be to deoxy.l\/!b differ con5|derab!y from the corresponding

; - s ociativeharacteristics of COlg~5% with 7,~100ns§* and G

coupled to the resonant optical transition. The dissociativé _ o g ~all
surface accessed by the pump pulse fields evidently supportss™28% With 7,~25 ns) . The geminate rate is likely to
the 220 cm! oscillation, providing strong evidence that P€ affected by the iron spin changes associated with the
ligand dissociation proceeds directly upon photoexcitation. 19&nd recombination. Thus, a strong iron spin admixture in

A related observation is the previously reported phasd/PNO could help to explain the increased NO geminate
measurement of the 220 crh Fe—His stretching mode in rates and.th_e dramatic differences between the recombination
MbNO.! Its phase is measured to be either Omas the characteristics of NO, CO, and,0
carrier frequency of the laser pulse is tuned across the prod-
uct state(deoxy Mb absorption band. These values of the ACKNOWLEDGMENTS
gbsolute phase imply that the coherenc_:e of the I_:e—_l_-|is mode This work was supported by NSF MCB9904516 and
is generated nearly instantaneously, without a significant degH pk35090.
lay associated with the reaction time, which would shift the
phase of the 220 cit mode away from O orr. For ex-
ample, if we assume that the reaction time-i30 fs (half the
period of the Fe—NO modga comparison to the period of
the Fe-His mod€150 f9 yields a nonzero initial phased( We consider a linearly coupled two electronic level sys-
=72°). Nevertheless, since the Fe—His mode is Raman irtem, initially in the ground electronic state, with a vibrational

APPENDIX: ANALYSIS OF PUMP WAVELENGTH
SELECTIVE MODULATION EXPERIMENTS
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density matrixo. The pulse-induced nuclear density matrix

in the excited state is given kyo second order in the laser
fields)

2 o0

" dt’f dt"E(t")E(t")

Pe:ﬁ B
: gy iy 4t ERTE Y PAN SO ERTER
x{elﬂoo(t t )eIHet /he iHgt /hpTengt /ﬁe iH gt /h},

(A1)

where Hy and H, are, respectively, the adiabatic Born—

Femtosecond pump—probe spectroscopy 10897

w.— w2
[
0

XG(w'—w)[P,(w)8(w— o' —kog)

w’F

v,v’

~RB _
(pe )vv 2’7Tﬁ2

wf do'G(ow—w)
wet dwl2

+ &, (w)8(w— ' +kog)], (A5)
wherek=v—v’ and
cbv(w)=f ds 020079052 2 75— Q gy v )
(AB)

Oppenheimer Hamiltonians for the ground and excited elecys yefined as a spectral line shape function. To obtain Eq.

tronic statesu is the electronic dipole moment, ail is

(A5), we have used the relatio®, (v —kwgy) =P, ().

the 0-0 transition energy. In order to calculate the densitsince w< o’ (which follows from the integration limits,
matrix relevant for wavelength selective modulation of theyit 5,>0), the first term in the square brackets in Eq.

pump pulse, we split the electric field into components on thE{A5) contributes foru<u’ and the second term contributes

red and blue sides of the carrier frequency

E(t)=cog Qgt)ER(t)+cog Qgt)Eg(t), (A2)
where
1 [wc—dwl2
Er(t)= ;J’o dwG(w— w;)cog wt), (A3a)
1 ©
Eg(t)= ;j s /Zde(w— w¢)Cog wt). (A3b)

In the above expressionS(w— w.) is the Fourier transform
of the pump pulse spectral envelope, which is taken as
Gaussian centered at the carrier frequengy. dw is the

whenv>v’. Itis also verified that §5%),, = (p55)*

It is clear from Eq.(A5) that (pR%),, =0 if dw
>|(v—v')|wg, since the two frequency integrals in Eq.
(A5) are nonoverlapping. This accounts for the sharp fre-
quency selection of vibrational modes d& is varied. In
particular, we see that the zero frequency diagonal elements,
(pR®),,=0, provideddw>0. This in turn accounts for the
absence of population terms in the signal channel detected at
Qr+Q5.

The above expressions assumed that there were no elec-
tronic dephasing mechanisms. One way to introduce elec-
tronic dephasing is to makél,, complex. This would
amount to introducing a factor exp{’¢d) in Eq. (Al). ',

spacing between the blades of the choppers, which indepereuld be identified with dephasing of the electronic coher-
dently modulate the red and blue spectral regions of thence between the ground and excited electronic stafés.

pulse at frequencieQr and g, respectively 0 and Qg
are much smaller than the optical frequency

When Eqs(A2)—(A3b) are used in EqAl), four terms
result, proportional to the productBzEg, EgEr, ERER,

Since (g appears in the above expressions only through
d,(w) in Eq.(AB), it is clear that the sharp frequency selec-
tion and the suppression of the population terms would still
be feasible using a wavelength selective modulation fol-

andEgEg. Of these four terms, wavelength selective modu-lowed by detection a€l g+ Q5.

lation selects only the first two terms, which are modulated at  In contrast to electronic dephasing processes, vibrational
the sum frequenc{lr+ Q. Considering only these terms, dephasing can affect the resolution of the wavelength selec-
we evaluate the elements of the excited state density matrittve modulation. To see this, we introduce vibrational damp-

(;)EB)UU':<Ue|;>EB|Ué>. where |v,) is the vth vibrational ing through the factor exp(y,|t|/2) on the bra and ket side

eigenstate of the excited electronic state. Assuming that thiéteractions in Eq(Al). This corresponds to the transforma-
system is initially in the ground vibrational level of the elec- tion I:le—>|3|etiyvl2. In this case, we immediately find

tronic state{g), i.e., pr=[04)(0g4|, we get ) W2F | (g dol2 .
(pRB),, = - f da)f do'G(ow—wg)
~RB ,LLZFU’U/ we— dwl2 * , e Jov 4772ﬁ2 0 et dwl2
(pe )UU’: 2,2 do do G(w_wc)
Th 0 wct+ dw/2

XG((‘)’_C’)C)[CDU((‘))(DU’(“)’)
+(I)v'(w)q)u(w’)]v (A7)

where the line shape function is now a Lorentzian rather than
a delta function

XG(w’—wc)j dt/f dt//ei(QOO+v'wo)S

x W)t Tcog wt’)cog w't”)

+coqwt")codw't’)], (A4)

D, (w)= fx ds e 7/sli2gi(0=Qoo—vwo)s, (A8)

whereF, ,=(v¢|04)(0glve) ands=t'—t". Note thatF, ,

is simply the Franck—Condon overlap factor between the It is clear from Eq.(A7) that even when the condition
ground and excited vibrational states. Performing the intedw>|(v—v')|w, is satisfied, p3),,, does not necessarily
grals above and ignoring small contributions from nonresovanish. This is due to the spectrally broad line shape func-
nant termgrotating wave approximationwe get tions that take the place of the delta functions in &®b). It
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is easily verified that whety, =0, the line shape reduces to a
delta function as in Eq(A6), and if we use the identity

s(a—x)8(b—x)=8(a—x)d(a—b), (pR®),,, reduces to
the result in Eq(A5).
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