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Abstract: Transient resonance Raman spectroscopy has been used to probe the vibrational dynamics of the heme
active site of deoxyhemoglobin during photoexcitation. Near UV pulses of approximately 35 ps in duration were
used to both excite the sample and generate resonance Raman spectra of the heme during its rapid electronic and
vibrational relaxation. The behavior of the Stokes and anti-Stokes transitions as a function of incident laser flux
directly reflects net heme vibrational populations and permits the isolation and characterization of ground and excited
electronic state phenomena. Scattering from excited electronic states significantly influences the spectra only at the
highest excitation fluxes used in this study. A simple model that accounts for the flux-dependent manifestations of
the electronic and vibrational contributions to the heme transient resonance Raman spectra is discussed. In addition,
the data presented here clearly show mode selectivity in the vibrational energy distribution associated with the ground
electronic state. Stokes and anti-Stokes scattering from the promipantv; modes reflect a heme with a non-
Boltzmann vibrational population distribution, even at relatively modest excitation intensitiesv, eede appears

to act as a “bottleneck” vibrational state, while themode couples quite effectively to the bath degrees of freedom.

The potential origins and ramifications of the creation and maintenance of such relatively long-lived, nonstatistical
vibrational population distributions in the heme also are addressed.

Introduction relaxes to the solvent (VR). The study of these two processes
in large, solvated systems will lead to a general understanding
of the mechanism(s) and functional implications of rapid
vibrational energy dynamics. This manuscript reports studies
of vibrational dynamics in the five-coordinate, high-spin' Fe

Energy redistribution dynamics can play a major role in
directing photoinduced and collision-induced reactions in many
small moleculed™* In larger systems, specific molecular
relaxation events immediately subsequent to activation may . . . .
profoundly affect the initial branching ratios in complex reaction po;/ﬁ’:tg'lg ag:rtl\;]e rflr:g ggrie?éihzmd?\?leﬁggn égHsg)'of coniugated
cascades and thereby influence events that occur on much longer porphy pris . jugatec
time scale§. In molecules in the condensed phase, excess molecules that have large optical cross sections and a propensity
vibrational energy redistributes intramolecularly (IVR) and for ca_talytlc_ activity. In such systems It is likely that mode

selective dissipation of excess vibrational energy plays a
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system then returns to thermal equilibrium via IVR among heme troscopy to determine that photoexcitation into either the Soret
“normal” modes and VR to the protein/solvent. The large heme or Q-band generates at least two transient electronic statgs, Hb
optical cross section allows this stimulation and recovery to be and Hly*, that decay with lifetimes of~300 fs and~3 ps,
monitored by the single-pulse TRRS method. The ratio of the respectively. The Raman scattering from the longer-lived
integrated anti-Stokes and Stokes scattering, corrected to firstspecies exhibits bleaching of the major vibrational transitions
order for cross secti@nand reabsorption differences, yields and shifting of thev4 Stokes line to lower frequency by as much
direct information about relative vibrational populations. In as 8 cnt1.!! The decay of the Hb and Hh,* states generates

TRRS, the dependence of this ratio and of the band character-a vibrationally hot ground state.

istics upon laser flux reveals mode selective IVR/VR behavior

by taklng advantage of the ability of relatively Iong, high-

whose lifetimes are shorter than the pulse widt# 17 Hence,

the picosecond scale processes of IVR and VR can be studie
with 10 ns pulses. This approach has demonstrated that a,
steady-state non-Boltzmann vibrational energy distribution can

be established and measured in dHmnd model iron

porphyrins!>~17 This mode selective behavior appears intrinsic
to the metalloporphyrin structure and may affect metallopor-

phyrin functions-17
Vibrational dynamics in metalloporphyrins are not yet well

understood. Evidence for IVR has been found in fluorescence

excitation spectra of a few jet-cooled porphyrifisSpectral

congestion and the independence of the fluorescence lifetime
upon degree of vibrational excitation have been interpreted as

indirect evidence for efficient IVR in the metalloporphyrin S

excited state. A few studies have been carried out upon
vibrational energy dynamics in solvated metalloporphyrins as 0-WO
Previous transient and time-resolved studies used fem-heme photophysics in dHb and model hertfe$! They

well.

Other groups have studied the vibronic dynamics of this
. system as well. Lingle et al. monitored Stokes and anti-Stokes

%catterlng from photoexcited dHb using time-resolved resonance
(ﬁaman spectroscopy (8 ps puls¥s)They observed Stokes

aturation and increased anti-Stokes scattering that decayed on

~10 ps time scale and concluded that their results could be
explamed only in terms of the vibrational relaxation of a
thermally excited ground state heme. It was asserted that all
thermalization and electronic decay processes occurred more
rapidly than could be measured, producing a heme with a
Boltzmann temperature higher than that of the bath. However,
this interpretation relied upon a physically unrealistic two-level
model and assumed an “instantaneous” equipartition of vibra-
tional energy. A study of the low-frequency<800 cnt?)
modes of dHb using-30 ps pulses by Ondrias, Friedman, and
co-workers revealed that those modes were not vibrationally
excited on the experimental time scéte.

Ondrias and co-workers used nanosecond TRRS to study

tosecond, picosecond, and nanosecond laser pulses to interroga@bserved an abnormally intense, flux-dependent anti-Stokes

the internal dynamics of photoexcited hemes in prot&ifs!’

scattering that was significantly more prominent for thenode

Unfortunately, the interpretation of these results is quite model- than for other vibrations. This behavior was interpreted in terms
dependent. The results presented in this paper will help resolveof IVR and VR associated with a nonthermal vibrationally

several issues.

excited ground state. The assignment of the results to vibra-

The importance of mode selective vibrational energy dynam- tional rather than to electronic excited state behavior was based

ics and the presence of a relatively long-lived,

low-lying upon several observations: (1) no evidence for saturation of

electronic excited state are currently topics of debate. The the Stokes transitions was found, (2) all bands were fit well
electronic behavior of dHb subsequent to photoexcitation has with single Lorentzian lines, (3) the Stokesband did not show

been fairly well characterized. Petrich and otRéthave used

the shift to lower frequency characteristic of known dHb

femtosecond transient absorbance and resonance Raman speelectronic excited staté$,and (4) the integrated anti-Stokes
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5982.
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Phys.1981, 74, 6612.
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signal intensity forv, increased dramatically and this band
shifted to lower frequency with increasing laser flux. Simple
lifetime calculations determined that these results were reason-
able for the laser fluxes involved and for acceptable vibrational
decay rates.

TRR spectroscopy with nanosecond pulses also was used by
Champion and co-workers to examine the photoresponse of
dHb1® These researchers employed laser pulses that were
greater than 10-fold more intense than those used by Simpson
et all>17 In addition to the mode selective, flux-dependent
increase in anti-Stokes scattering, saturation ofith&tokes
line and the presence of a transient band to lower frequency
underlyingv, also were found. The flux-dependent results were
interpreted in terms of an electronic excited statenveit2 ps
lifetime, an anomalously large anti-Stokes cross sectiomfor
and a dipole-allowed absorption at/near that of the ground state.
Asymmetric broadening of4 has also been attributed to Rabi
broadening effects® In light of subsequent experimental data,
this interpretation is not likely to be correétand will not be
discussed further here. Thus, similar spectroscopic observations
have resulted in significantly different explanations of the
underlying photoinduced dynamics that invoke varying degrees
of electronic and/or vibrational excitation.

The present study extends the previous nanosecond transient
investigations into the picosecond domain. Here, we report TRR
spectroscopic measurements of dHb using 35 ps, Soret-resonant
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=

(436 nm) laser pulses. We also discuss a model that places
these results in the context of previous investigations by
ourselves and others and qualitatively accounts for observed
electronic and vibrational behavior of photoexcited metallopor-
phyrins over a wide range of excitation fluences and time scales.
The saturation of the resonance Raman spectrum observed by
Champion and co-worke¥s and Lingle et al? is entirely
consistent with the photodynamics of fland Hi*. On the
other hand, the anti-Stokes scattering increase and band
broadening observed in the absence of saturation effects by
Simpson et al>~17 and superimposed upon the saturation in
other experimentd-13can be attributed to vibrational excitation
associated with the ground electronic state of the heme. The
origins and significance of the distinct mode specificity observed
in the ground state vibrational energy distribution also are
addressed.
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Human hemoglobin was purified from whole blood as previously x25

described® Samples 0f~200uM dHb in 0.1 M Tris, pH 8.0, were

prepared by anaerobic reduction with a small excess of solid sodium

dithionite. Samples were held in an anaerobic quartz cuvette, with a Stokes

temperature maintained at 2C€. Evidence of laser induced sample

degradation was monitored by comparison of electronic absorption anti-Stokes

spectra taken before and after Raman spectroscopy. <25 \'M..,,
Transient resonance Raman spectra were measured as follows. The \ \ T

second harmonic of a Continuum model PY61C-20 active/passive 60 700 800 1250 1300 1350 1400 1450

mode-locked Nd:YAG laser (20 Hz, 35 ps, av pulse poweB0—35 Raman Shift / o

mJ) was H-Raman shifted (460 psi of Hito generate 436 nm pulses.  Figure 1. Transient resonance Raman spectra oftrendv; regions

Flux was attenuated using neutral density filters. The power of a of the deoxyhemoglobin spectrum as a function of incident laser flux

fraction of the beam was continually monitored during spectral using 35 ps pulsesiéx = 436 nm). See Experimental Methods for

acquisition. Raman scattering was collected in a backscattered details concerning the sample conditions and the spectroscopic ap-

geometry (155) with a 2 inch, F2.5 Triplet (CVI) lens. A holographic ~ paratus: (a) 12 10° W/cn?; (b) 6 x 10° W/cn?, (c) 3 x 10° Wicn?;

filter (Kaiser Optical Systems, 442 nm) was angle-tuned to reject and (d) 1.5x 10° Wicn?.

Rayleigh scattering. The collection optics wefrenatched to the

spectrometer and included a polarization scrambler (Karl Lambrecht,  Anti-Stokes/Stokes area ratios were corrected for cross section

Inc.). The collected light was dispersed using an Instruments SA model differences by using a previously published method that takes advantage

HR 640 single-grating (1800 grooves/mm, entrance=slt50 um x of the optical theorem and the Krameit<€ronig transforni and for

5 mm) spectrometer and detected with an Instruments SA Spectraview-reabsorption differences using a straightforward integration sch&me.

2D liquid nitrogen cooled CCD array. Lamp spectra calibrated the

wavelength axis and corrected fardependent transmission of the  Results

holographic filter. Laser flux at the sample was calculated from the . o

laser intensity, the repetition rate, and the area of the laser spot at the 1he TRR spectrum of dHb was measured using 35 ps incident

sample. This area was measured by translating a metal shim acrosdaser pulses with fluxes ranging from 1:6 10° to 12 x 10°

the spot at the sample position. Wi/cn? at 436 nm. Band widths, positions, and intensities were
Stokes and anti-Stokes peaks were decomposed into Lorentzian lineexamined as functions of incident flux. The pulses were not

shapes with either a quadratic or a linear baseline function. Spectrasufficiently long to allow the system to reach a true steady state.

were fit using both a commercially available package (Peakfit, Jandel Hence, the picosecond data are somewhat noisier that their

Scientific Software, AISN Software Inc.) and a curve-fitting program  45second counterparts. The flux dependence of anti-Stokes

based upon the Le_venbefylarquardt nonlinear least squares methﬁc_i._ and Stokes scattering from dHb using 35 ps wide pulses are
The noncommercial program has a number of advantages for fitting . i
summarized in Figures-13 and Table 1.

data of the type encountered in this study: the step size taken during . .
minimization can be varied as needed, the minimization process is S€Vveral observations concerning the response of the dHb to

monitored at each step, and the total intensities of signal and backgroundncreased laser flux can be made. First, the relative anti-Stokes
are irrelevant. These features provide more control over the fitting transition intensities changed with incident laser flux (Figure
process, thereby allowing accurate fitting of low-intensity peaks on 1, Table 1). The integrated area of anti-Stokes scattering
low and high backgrounds. The ability of the noncommercial routine increased relative to that of Stokes scattering for all modes,
to fit real and simulated spectra with accuracy has been tested as aglthough the magnitude of this effect was mode-dependent. For
function of the initial parameter guesses (i.e., peak height, width, and example, over the incident flux range ofs310° to 12 x 108
positiqp), lssibgnal-to-noise ratios, peak separations, an_d pea}k reIativeW/cmz, this ratio increased by a factor of about 2.6 farand
intensities:®® Most of the spectra reported here consist of isolated, of 1.4 forv-. First-order corrections can be made to the anti-
well-separated peaks. For the major Stokes and anti-Stokes transitions . . .
Stokes/Stokes area ratios to account for the differences in

the position-fitting errors are smaller than the detection limit-6f5 . . A
cm L. The only band for which this error may be greater is the minor €absorption and resonance Raman cross sections using a

transient component that underlies theband at the highest flux ~ Method that applies the optical theorem and the Kramers

employed. For more details concerning the accuracy of the fitting Kronig transform®62 The heme “temperatures” indicated by

process used, see the Supporting Information to ref 16b. these corrected ratios were found to be from 580 to 820 K for
(18) Antonini, E.; Brunori, M.Hemoglobin and Myoglobin and their v4and from 260 to 310 K for; over the fluxes employed (Table

Reactions with LigandsNorth-Holland: Amsterdam, The Netherlands, ~1)- Other modes, for exampig, also exhibited elevated heme
1971; pp 3. “temperatures”; however, the inferior signal-to-noise ratio of
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Table 1. Picosecond TRR Spectroscopy of Deoxyhemoglobin Curve Fit Résults

Va

V7

flux (W/cmz) ws Fs Was ras ratio (%) TB (K) Tc (K) ws Fs Was Fas ratio (%) TB (K) TC (K)

12 x 108 1354 18 1349 29 7.4 750 820 672 19 675 19 29 270 310
6 x 10° 1354 22 1350 29 3.8 600 630 673 19 675 21 2.6 270 300
3x 1C° 1354 17 1351 26 2.8 550 580 673 17 674 18 2.1 250 280
15x 1C® 1355 20 672 15 675 15 1.5 230 260

aBands were fit with Lorentzian line shape¥. andw are full width at half maximal intensity and peak positions inémespectively. The
“S” and “aS” subscripts refer to Stokes and anti-Stokes scattering, respectively. =Rtteanti-Stokes integrated intensity/the Stokes integrated
intensity, corrected fok-dependent transmission by the holographic filt&. = the Boltzmann predicted temperature of the heme reflected by the
anti-Stokes/Stokes area ratide = the temperature of the heme reflected by the anti-Stokes/Stokes area ratio approximately corrected for reabsorption

and cross section differenée.

12 x 10° W/em?®
I ()
©
T
1.5 x 10° W/em®
@)
®)

f
1250

T
1300 1350
Raman Shift / cm’!

T
1400 1450

Figure 2. Stokes spectra of the, region of deoxyhemoglobin at the
lowest (1.5x 10° W/cn?) and highest (1 10° W/cn?) incident fluxes.

Normalized Stokes Intensity

0 - T T T T
0 3 8 9 12 15

Incident Flux / 10° W cm™
Figure 3. The integrated area of the (solid circles) andv; (solid

triangles) Stokes bands as a function of incident laser flux. The total
integrated flux ofv; was normalized to that of, by averaging the

Same data acquisition parameters and sample condition as Figure 1!»#/!»7 ratio for all incident laser fluxes (average 1.662), and then
(a) experimental data; (b) and (c) difference between experimental dataMU!tiPlying the integrated areas of by this average. The straight line

and curve fit resulting from fitting the, band with a single peak (b)
or with two peaks (c). Differences data— fit.

indicates the linear regression fit through the origin (0 flux, O signal)
and the first two data points of both bands (fluxes £.80° and 3 x
1) (r? > 0.9999). The error bars mark the error estimate:a0%.

these much weaker bands precluded quantitation using the

current data set.

The line width and position of the anti-Stokesg transition
were found to be very similar to those of theStokes band at

all flux levels. No systematic changes in Stokes and anti-Stokes o X
graw data. Curve-fitting procedures revealed that this second

v7 positions were observed, although both line widths increase
slightly with incident flux. In contrast, the line width and
position of thev, anti-Stokes band differed significantly from
that of thev, Stokes transition at each incident flux value. The
anti-Stokesy, line consistently appeared-3% cni ! lower in
energy and~10 cnt! broader than its corresponding Stokes
transition. Neither the), Stokes nor the, anti-Stokes bands

(Figure 2). That this second band was required only at the
highest flux can be seen in the single-band residuals. These
residuals were calculated by fitting the Stokes spectra with a
single Lorentzian fow, and subtracting the total fit from the

component appeared at about 1345 €mwith a full width at

half maximum intensity of approximately 35 cf In addition,
strong evidence of saturation of Stokes transitions was found
at the highest flux (Figure 3). At incident power densities of
less than 6< 108 W/cn¥, the relationship between the integrated
v7 and v, Stokes intensities and the incident laser flux was

exhibited a systematic line width change in response to increaseddetermined to be linear{ > 0.9999). A slight deviation from

laser flux. However, although the Stokes band position

this linearity appeared at & 10° W/cn?. However, with 12

remains relatively constant, the anti-Stokes position shifts to x 10° W/cn? incident flux, clear deviation from this linear
lower frequency. This observation is based upon the fact that, behavior was obvious.

over the interval of 3x 10°to 12 x 10® W/cn®, the variations
seen in the positions of the, Stokes,v; Stokes, and/; anti-

Stokes transitions were not systematic and were within the

detection uncertainty limits af0.5 cntl. On the other hand,
the v4 anti-Stokes band shifts systematically by 2@nfrom
1351 to 1349 cm! across the same flux range.

Finally, at the highest incident flux, 12 10° W/cn?, it was
necessary to fit the Stokes band with an additional component

Discussion

This manuscript reports results of TRR studies of dHb using
35 ps pulses. In transient (single-pulse) spectroscopy, the
molecule is excited and probed within a single pulse. As the
incident photon density is changed, the average “time interval’
between photoexcitation and probe events varies. Thus, the
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average delay within a given pulse between the “pump photon” Soret <50fs

and “probe photon” can be controlled with the laser flux. — & r--... nonradiative decay
Differences in transient spectra as a function of laser flux e
indicate the presence of evolving photoexcited species. In this I ~
manner, specific details of heme photophysical processes that Hb Hby'

occur on time scales that are comparable to or more rapid than hv
the temporal pulse width can be studi€d>” Discerning the

g, (~300 £, 7 tn~

origin(s) of the observed flux-dependent spectral changes of the i . Ta~3ps

heme resonance Raman spectrum is the subject of the remainder . .

of this report. nonradiative decay
A Mpdel for Heme Photophysics in Deoxyhgmpglobir\. _ ®

Three independent groups have observed qualitatively similar P Hb - vibrationally excited

spectroscopic results upon photoexcitation of the heme in dHb.
However, the interpretations of these phenomena vary. An
electronic excited stafé,and both thermét and nontherméat17

vibrational energy distributions associated with the ground IVR and VR - evolution through a

electronic state all have been invoked to explain the experimental series of nonthermal and/or thermal
data Hb = thermal ground vibrational intermediates
. state at room

The picosecond TRRS data provide a basis for a simple temperature
kinetic model that connects the observations of the Hopkins, Fi _— I )
. . . i igure 4. Kinetic model for the initial response of deoxyhemoglobin
Champion, F_rledman, and Qndrlas groups within the conte_xt to photoexcitation based upon data presented in refs 8, 111724
of the established electronic photodynamic behavior of this jpq 19-21.
system (see Introduction). The incident laser fluxes used here
are particularly relevant for resolving the apparent conflict. Only
at the highest incident laser flux in the picosecond TRR
experiments was clear evidence for an electronic excited state
found (Figures 2 and 3). The position of the transiertokes
band (1345 cn?) is consistent with its assignment to b
In contrast, under conditions of significantly lower incident flux,
the anti-Stokes signal was still abnormally intense, although the
Stokes line was fit well with a single Lorentzian line shape. In
addition, a linear dependence of Stokes intensity upon incident

flux was observed at low laser powers. It is important to note small contribution of electronic excited state scattering to the
h n xhibit indistinguishabl ration behavior. Th . . S »
thatvs andv, exhibit indistinguishable saturation behavio us, highest flux Stokes signal, the relative intensities of Stokes and

the flux-dependent, mode selective anti-Stokes behavior can beanti-Stokes scattering. and the tvpical sianal-to-noise of anti-
temporally separated from the Stokes asymmetric broadening 9 yp 9

and the mode independent Stokes saturation. The manifestation? to_kes data. Hence, saturation of the antl-S_tokes signal with
of the electronic bottleneck Hib appear to complicate the incident laser flux due to ground state depletion would be the

nanosecond and picosecond TRR observations only at inCidentonIy indication of excited electronic state population we could

laser fluxes in the- 10° W/cn? range, where the earlier events reasonably expect to observe. This very minor and indirect
in the photodynamics are probed ’The anomalous anti-StokesmanifeStation of excited electronic state vibrational population

behavior therefore appears to originate from the later events!s overwhelmed Dby the dramatic, nonlinear, mode selective

associated with excited vibrational levels of the ground elec- InCreases in antl-Stokes intensity that derive f.rom .V|brlat|on.al
tronic state excitation of the ground state. We cannot, at this point, identify

) . . - the effects of this minor component, much less address any
The simple photophysical cycle depicted in Figure 4 has been jsq e concerning vibrational relaxation of the electronic excited
developed to explain the major features of photoinduced dHb

! o ) o states. Given the above issues, we have reasonably omitted
behavior. The specific concern is whether it is reasonable to

h . S specific reference to excited electronic state vibrational relax-
conclude that the vibrational excitation in the ground state can 4iion within the kinetic model and assigned a single nonradiative

be probed in the absence of significant complications arising gecay rate constant to each electronic excited state. This

from electronic excitation_._ Therefore, this model does not approximation will not change the conclusions drawn from
address the mode selectivity of IVR and VR. Rather, these o, amination of the kinetic model.

processes are folded into a global vibrational excitation that 114 jifetime of Hb* is 300 fs in accordance with Petrich et
decays with a single characteristic time constant. al® A lifetime of 3.0 ps is chosen for H and is in good
The cycle runs as follows. Upon photoexcitation, the heme agreement with measurements by Petrich étflanzen et al!
immediately (<50 fs) evolves to either an htbor an Hh* and Champion et @8 Both of these states decay nonradiatively
electronic excited state. The initial ratio of these two states is tg produce a vibrationally excited ground electronic state that
assumed to be 1.0 for the test calculations, based uponrelaxes intra- and intermolecularly. The single, general lifetime
comparison to deoxymyoglobin results, in which it was deter- of this vibrational excitation is estimated to be-%0 ps. This
mined that about 65% of photoexcited deoxymyoglobin returns estimate is based upon measurements in other molelules,
to the ground electronic state via f§ The 1:1 ratio chosen  calculations by Henry et a9 photoacoustic grating results of
here results in a more stringent test of the model. Miller and co-workerg?! the nanosecond TRR measurements
The vibrational relaxation of these electronic excited states by Schneebeck/Simpson et .17 and the data presented in
will occur concurrently with their electronic relaxation. How-  this manuscript. The cycle thus returns the heme to its electronic
ever, even in our highest flux experiments, the population of ground state with a thermal vibrational energy distribution
the electronic excited states appears to be quite small, and wecharacteristic of the temperature of the environment (heat bath).

nonthermal, ground
electronic state

do not detect anti-Stokes scattering from vibrationally excited
Hb* and Hb*. Anti-Stokes Raman lines broaden sym-
metrically and shift smoothly to lower frequency as incident
flux is increased, in the absence of any evidence for additional
components. Notably, the small transient band inthgtokes
spectrum assigned to electronic excited state(s) is simply not
observed in the anti-Stokes spectrum. Our inability to directly
monitor anti-Stokes signals from this small population of the
electronic excited state is entirely reasonable, given the very
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From this model, the following simple expressions for the

components of interest can be written: A) B
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The species and rate constants are defined in Figure 4.

Representative population analyses with global lifetimes for 0.0 L
the vibrational excitation of 5, 10, 20, and 40 ps are presented
in Figure 5. The model presented here readily accounts for the
observed photophysical behavior of the heme in dHb. Even at _ _ ) .
the shortest vibrational state lifetime,= 5 ps, a considerable ~ Figure 5. Calculations of the populations of FibHby’, and Hhy' as
population of vibrationally excited heme persists beyond the a_functlon of time. These are calculated using egs in the text.

: : % _ Time constants of, = 1/k = 300 fs andr, = 1/, = 3 ps were used.
point at which H* (v = 3 ps) has decayed completely. In - . . . ) .

o . - - . 1, = 1k, was varied: (a) 5 ps; (b) 10 ps; (c) 20 ps; (d) 40 ps. Region
add_ltlo_n, at allr, employed in th_ese S_Imulatlons,_the electronic A is dominated by electronic excited state dynamics. This region is
excitation temporglly ov_erlaps vibrational e>$C|tat|on. Although probed by the ChampioH,Hopkins22 and Martirf groups. Saturation
the degree to which this overlap occurs will depend upon the and asymmetric broadening of Stokes transitions are seen, in addition
ratio of initial (t = 0) concentrations of Hband Hhy*, it is to increased anti-Stokes scattering from the vibrationally excited ground
apparent that the two processes will always coincide. electronic state. Region B is dominated by vibrational excited state

Within the context of the above model, it becomes clear that dynamics. This region is probed by Simpson et al. in previous ¥Wdik
the Champion, Hopkins, Friedman, and Ondrias groups haveand in the lower flux picosecond TRR studies reported here. Increased
simply probed different regions of the net vibronic decay anti-Stoke_s scatterin_g is observed_ in the absence of saturation and
processes. The data of Li et’land Lingle et al? arose from asymmetric broadening of Stokes lines.

a regime where significant electronic excited state persists along ) . . .
with a vibrationally excited ground state. Hence, they found current picosecond TRR studies thus bridge the results obtained

both the anomalous anti-Stokes intensities and the StokesPY Champion, Hopkins, Friedman, Ondrias, and their co-workers
saturation phenomenon. Simpson et5al? examined the and prpvide direct evidence.for the agsigr}ment of the anti-Sto'kes
vibrationally excited ground state in the nanosecond TRR studiesPehavior to ground electronic state vibrational energy dynamics.
and at the lower fluxes in the picosecond TRR studies reported A Non-Boltzmann Vibrational Energy Distribution in

here. In the highest flux picosecond TRR spectra, however, Photoexcited Deoxyhemoglobin.The model above assures that
electronic excited state behavior contributed. The results of theit is reasonable to interpret the mode selective, flux-dependent
Raman-scattering behavior observed in the nanosecond and

time / ps
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~10 ns excitation pulses. At the lowest flux@.1 x 107 The relative insensitivity of the degree of excitation of this mode
W/cm?), the anti-Stokes/Stokes intensity ratios for thg Wodes to the incident flux is comparable in the picosecond and nano-
v4 andv; were found to be consistent with a heme at thermal second TRR studies, however. These observations lead to the
equilibrium at or near room temperature. As the laser flux was following conclusions about the origin of the mode selectivity
increased, however, the Raman scattering no longer reflectedin the vibrational energy distribution in photoexcited hemes.
an statistical distribution of vibrational energy. At the highest  There are several phenomena that could be responsible for
flux (~10 x 10 W/cm?), the behavior of ther, Stokes and the mode selectivity observed in the vibrational energy distribu-

anti-Stokes scattering indicated a heme~&00 K, while v; tion in this system. The heme undergoes four different types

appeared much cooler at415 K. of processes within the duration of the incident pulses: (1)
This flux-mediated transition from a thermal to a nonthermal photoexcitation to the Soret excited electronic state, (2) non-

heme also was apparent in the band features o¥ftend v, radiative decay througtat least one intermediate excited

Stokes and anti-Stokes transitions in the nanosecond TRRelectronic state and then to the ground electronic state, (3)
spectra. Initially, the anti-Stokes widths and positions were very intramolecular vibrational energy redistribution (IVR), and (4)
similar to their Stokes counterparts for both modes. As the intermolecular vibrational energy relaxation (VR).

incident flux of the nanosecond pulses increased, this behavior The first step in the heme photodynamic cycle certainly is
was retained by the; mode. However, the band shape and mode selective. Vibrational degrees of freedom couple to the
position of the anti-Stokes scattering from systematically electromagnetic field with varying abilities. Raman excitation
varied as it gained intensity. The, anti-Stokes signal sym-  profiles have shown that the twoifAmodes examined in this
metrically broadened by up t&10 cnt! and shifted to lower study,v4 andvy, both couple quite strongly to the incident field
frequency by as much as 7 chrelative to the corresponding ~ and with comparable efficienci@3In fact, in ferrocytochrome
Stokes line. These results support the conclusion derived fromc, v7 has about twice the linear coupling strength as dees
the flux-dependence of the anti-Stokes/Stokes area ratios. TheBoth of these modes are likely to acquire considerable excitation
v4 mode appears to retain significantly more vibrational energy in the initial photoinduced step, and hence, this process is
than does;. probably not the origin of the mode selectivity observed in

The results presented here extend the nanosecond TRR studieZuPsequent states. _ o
into the picosecond temporal domain and to higher photon Little is known about the details of the nonradiative decay
densities. While the nanosecond and picosecond TRR resultsSteps. Issues concerning mode selectivity, for example, remain
are complementary, care must be exercised in their comparisonlargely unresolved. Some general comments and estimates can
In the nanosecond TRRS experiments, the pulses were ofbe made, however. It is likely that intra- and intermolecular
sufficient duration to permit the establishment of a true steady- Vibrational energy redistribution processes cannot compete with
state vibrational energy distribution. On the other hand, a the very rapid { < 50 fs, 7 ~ 300 fs) nonradiative steps.
temporal pulse width of-35 ps does not allow the system to Although specific details about the electronic decay kinetics
attain a steady state. Hence, the picosecond TRRS experiment§ould not be measured in the picosecond TRR studies, Petrich
probed populations that were in flux. In addition, though the €t al® determined that~65% of the initial excitation of an
peakpowers were higher in the 35 ps pulses, about 2 orders of Unligated heme in deoxymyoglobin decays as*Hht seems
magnitude moréotal energy was deposited in the system with reasonable, then, to estimate that more than half of the hemes
each 10 ns pulse. With these issues in mind, comparisons ofPhotoexcited within the 35 ps pulses used in the picosecond
the picosecond TRRS and nanosecond TRRS results permit RR experiments return to the electronic ground state within
several valuable qualitative conclusions to be drawn about the 500 fs. The vibrational energy distribution of this ground

mode selectivity of the vibrational energy dynamics associated €lectronic state then probably reflects that of the initial photo-
with the ground state of iron porphyrins. excited state, in which bothv, and v; have considerable

population. The minor nonradiative decay pathway may lead
to a different initial ground state vibrational energy distribution,
as IVR is likely to temporally overlap this3 ps process. With
these estimates, it is reasonable to conclude thatirtitiel
vibrational energy distribution in the ground state heme has
significant population inv4 andv;. The mode selectivity thus
appears to arise, at least in part, in IVR and VR associated with
the ground electronic state.

The v; anti-Stokes/Stokes intensity ratios in the picosecond
and nanosecond TRRS experiments indicate that this mode
couples quite well to its environment. This mode apparently
readily loses its excess vibrational energy and very rapidly
reflects the environmental temperature. This explains the
counterintuitive behavior of this mode, in which a lower
“temperature” is observed in the picosecond TRR experiments
relative to that in the nanosecond TRR experiments. A 10 ns
laser pulse deposits a significant amount of total energy in the
system. Each molecule in the illuminated volume is exposed
to 50—500 photons per pulse. The system can thus accumulate

fou?d Itn dt_?fe nanosec_l(_)SgTle StUdt'eS_' th$re allsouﬁr?tsq,me Im'significant energy in the local heme bath. The picosecond pulses
portant dirrerences. mode gets significantly “hotter™in are of higher peak intensity but are much shorter in duration

the picosecond TRR studies, and the anti-Stokes/Stokes ratio(approximately 2.5 photons per molecule per pulse). Thus,

IS more sensitive to_changc_as in the incident Iase_r flux. In con- the sample absorbs less total energy from a 35 ps pulse than
trast, thevz behavior in the picosecond TRR experiments reflects

a “cooler” heme than is found in the nanosecond TRR studies. (22) Shomaker, K. T.; Champion, P. Nl. Chem. Phys1986 84, 5314.

The behavior of thevs, and v; Stokes and anti-Stokes
scattering in the picosecond TRR studies is entirely consistent
with the conclusions formed from the previous nanosecond
experiments, and with results from earlier picosecond TRR
studies ofv; carried out by Alden et at'2 The anti-Stokes/
Stokes ratios showed a nonthermal vibrational energy distribu-
tion of the heme at all laser intensities employed. At the highest
flux (~12 x 10® W/cn®), the v, mode was found to contain
significantly more energy than dick. The anti-Stokes/Stokes
ratio for the ground state, scattering reflects a heme “tem-
perature” of 820 K. A 4-fold decrease in laser flux resulted in
a “temperature” of about 240 K lower. By comparison, over
the same flux range, the anti-Stokes/Stokes ratio reflected a
significantly lower heme “temperature” 6300 K, and the
change in “temperature” was only 30 K. This low “temperature”
associated withv; was also observed in earlier studies by
Ondrias, Friedman, and co-workéfs.

While these intensity ratios are qualitatively similar to those




Transient Raman Obseations of Deoxyhemaoglobin

V4 \'%1

Figure 6. Normal coordinate displacement vectors of nickel octaeth-
ylporphyrin. The lengths of the vectors correspond qualitatively to the
displacement magnitudes. Adapted from ref 23.
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contains much more methine bridge motion than deesWe
speculate that because of the relatively isolated pyrrole motions
associated withv4 this mode may be more local in nature.
However, no conclusions concerning the differing abilities of
these vibrations to couple to the bath are obvious from this
inspection of the normal mode displacement vectors.

Itis clear that the/s coordinate has considerable anharmonic
character. The anti-Stokeg transition shifts significantly to
lower frequency as higher levels in the manifold are populated.
In addition, measurements of the first overtone for this mode
indicate a 23 cnr! difference between the-al and 1-2
transition energies (data not shown). However, the data
presented here suggest that this mode couples poorly to both
the bath and the rest of the molecule. These observations
indicate that the anharmonicity im,; arises from diagonal

from a 10 ns pulse, and local heating should be significantly elements in the potential (i.e33He/0Q:%)0Q;® and higher order

reduced. The relative insensitivity of the populatiomsfto

terms) rather than from off-diagonal elements, suchdgide(

changes in excitation flux also is consistent with the hypothesis 0Q;0Qx0QL)0QiQ«xQL, that would allow coupling to other heme
that v7 reflects the local bath temperature. The degree of vibrational degrees of freedom. While this conclusion is quite

excitation of the local solvent should not be very sensitive to

incident flux, as the excess vibrational energy has many degreesvibrational bottleneck behavior of,.

of freedom among which to disperse.
The behavior ofvs, however, indicates that this vibrational

interesting, it does not shed much light upon the basis for the
Further studies will
directly address these issues.

mode acts as a bottleneck in vibrational energy redistribution Summary

and relaxation. This mode apparently does not couple well to

either the heat reservoir or to thre vibration at any excitation

We report upon the use of picosecond transient vibrational
spectroscopy to explore the vibrational dynamics of the elec-

levels employed. The anti-Stokes/Stokes area ratio consistentlyronic ground state of the heme active site of dHb. A model
reflects avg vibrational manifold that is more excited than the has been developed that unifies the previous observations of
bath temperature indicated by. In addition, the anti-Stokes/  several research groups and strongly supports the conclusion
Stokes area ratio is much more sensitive to laser flux when that the flux-dependent, mode selective anti-Stokes behavior
picosecond rather than nanosecond pulses are used. EXxcesspserved in this system has its origin in vibrational dynamics,

vibrational energy deposited in thg degree of freedom does
not dissipate efficiently on a-110 ps time scale. We conclude
that the flux sensitivity ofv, reflects the reduced coupling of

rather than in electronic excited state populations.
This study confirms and extends previous observations that
vibrational dynamics of the heme active site of dHb are quite

this mode to the bath and to the rest of the porphyrin, thereby mode specific. The» mode appears to couple efficiently to

allowing small amounts of energy to raise and maintain the
“temperature” of this degree of freedom quite efficiently.

It is important to consider whether the preferential retention
of vibrational energy inv, is intrinsic to the metalloporphyrin
or derives from its interactions with its protein environment.

This question was addressed by earlier nanosecond TRRS;

other degrees of freedom in this system. Excess vibrational
energy placed in this mode rapidly disperses to the local
environment. Hence, the excitation behaviorgfreflects a
mode in rapid thermal equilibrium with its surroundings. The
higher frequency mode,, on the other hand, does not appear
o couple well to eithew; or to other vibrational degrees of

studies carried out upon iron porphyrin model compounds in freedom. Excess energy placed in this modes does not rapidly

two very different solvent environments: 'Fprotoporphyrin

IX —2-methylimidazole in detergent micellésand Fé octa-
ethylporphyrin-2-methyl imidazole in CKCI>.17 In both of
these systemgjualitatively similar results to those found for
dHb were obtained. The, mode selectively retained vibrational
energy derived from photoexcitation while did not. Thus,
while the magnitude of the effect may be influenced by the
environment, the bottleneck character of themode appears
to be intrinsic to the metalloporphyrin.

At this point, although it is clear that the observed mode
selective behavior is intrinsic to the metalloporphyrin, insuf-
ficient information is available to allow meaningful conclusions
to be drawn concerning the origin of the different vibrational
behavior exhibited by, andv;. Both modes are delocalized
and have Aq symmetry (Figure 6). Thes mode contains
significant pyrrole ring breathing, while breathing of the 16-
atom inner macrocycle makes up.?® The v; vibration also

(23) Abe, M.; Kitigawa, T.; Kyogoku, YJ. Chem. Physl978 69, 4526.

dissipate. Thus, the, mode acts as a vibrational bottleneck.

The results presented here indicate that vibrational energy
redistribution and relaxation can play significant roles in the
dynamics of large molecules on time scales as long as several
picoseconds. These findings naturally lend themselves to
speculation concerning the potential functional ramifications of
vibrational energy bottlenecks in large molecules in condensed
phase.
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