JOURNAL OF CHEMICAL PHYSICS VOLUME 113, NUMBER 8 22 AUGUST 2000

Two-pulse echo experiments in the spectral diffusion regime
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The two-pulse echo sequence is examined for the case in which the frequency modulatieg time

of the transition is intermediate between the well known limiting cases of very fast modulation
(motional narrowingand very slow or static modulatidinhomogeneous broadenindVithin this

spectral diffusion regime, the interpretation of the echo decay differs markedly from standard
treatments. If the frequency-frequency correlation function initially decays—&$,1the echo decay

time T is proportional tor?/(#*2) _ These results reduce to those of Yan and MukdiheChem.

Phys. 94, 179 (1991)] for B=1. Drawing on a viscoelastic model, the theoretical results are
compared to viscosity and temperature dependent vibrational echo experiments on myoglobin—CO.
A 7-,17{3 dependence is observed, as is predicted for an exponential decay of the frequency—frequency
correlation function. ©2000 American Institute of Physid$S0021-96060)51132-3

I. INTRODUCTION explore the consequence of spectral diffusion for two-pulse
echo in more depth, with an aim toward facilitating the in-
Although an isolated spectroscopic transition is a usefuterpretation of experimental data. A recent example of two-
ideal, in most real systems, the spectroscopic transitions ajulse infrared echoes on the CO vibration of myoglobin is
perturbed by a variety of interactions, both static and dyysed to illustrate the utility of the resulting ideas. With
namic. Echo spectroscopy is a well-known and generaproper interpretation, the two-pulse echo becomes a power-
method for discriminating between interactions occurring orfy| tool for measuring the spectral diffusion processes which
different time scales. The two-pulse echo experiment wagre common in condensed-phase systems.
first introduced as the nuclear magnetic resonaihi@R) Modulation timesr,,, are classified with respect to the
spin echo in 1956.Essentially the same pulse sequence Wagypical size of the frequency perturbatidn, .2 If A 7,
applied to electronic excited states as the photon echo i1 the process is motionally narrowed and the dephasing/
19642 Recently, this sequence has been applied on ultrafagthewidth is homogeneous. The echo measures a dephasing
time scales to molecular vibrations in condensed mattefjne T, in the sense of the Bloch equaticislt does not
system$ and called the Ram&r’ or infrared vibrational easure the modulation time directly, although and 7
echo'®"?°Similar ideas are being used in fifth-order echoes .4, pe related by an appropriate model. "
which have been applied primarily to intermolecular, rather |t the modulation time is long enough to prevent mo-

than intramolecular, vibrations:* i tional narrowing,A,,7v>1, but fast enough to be experi-

Standard treatments of echo spectroscopy describe ey significant, the process is classified as spectral dif-
extreme limits’ Vgry fast Processes, which produce ho- fusion. Spectral diffusion can be studied using three-pulse
mogeneous dephasing and a motionally narrowed SPeCrQtimulated echodd 2427 or the time-dependent versions of
scopic line, and very slow or static processes, which producROle burning or fluorescence line narrowiig®

an inhomogeneously broadened spectroscopic line. In stan- Relatively little attention has been paid to two-pulse ech-

dard applications, the echo experiment extracts the homog%-es in the spectral diffusion range. Older work focused on

neous linewidth from a transition dominated by inhomoge- odels aporopriate for spin resonaicé® or gas-phase
neous broadening. However, there is a broad range of bprop P gas-p

e 28 ; ; ; _
modulation times between these limits, where the echo b collisions™™ General expressions for the echo signal with ar

haves quite differently from these standard treatments. Pretzltrary "';?d“'a“"” times were derived by Loring and
ukamel®’ Yan and Mukamel looked at the case of an ex-

cesses with such intermediate modulation times cause wh

is often called spectral diffusion. Although the effect of Spec_ponentlal spectr_al diffusion process embedded_ln a broad in-
tral diffusion on two-pulse echoes has been noteC]“lomogeneous in& They pointed out that in this case, the

before?>-2" there has been little work exploiting this tech- WO-Pulse echo decay is cubic on a semilog plot and the

nique for the study of spectral diffusiéfIn this paper, we characterlstlg dec.ay time is proportional to the cube-root of
the modulation time. We and our coworkers previously
) _ _looked at the special case of a distribution of modulation
g::ggfn’;?{ Chg?ng'syezﬁs“' Fax:  803-777-9521.  Electronic  mail:times spread over a very broad, continuous range spanning
Ypresent Address: Los Alamos National Laboratory, Los Alamos, the fast modulation and spectral diffusion range¥~*°This

NM 87544. case frequently occurs in low temperature glasses. We
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showed that the two-pulse echo measures a slower(tiare  shapes, e.g., exponential, Gaussian, and stretched exponen-

rower line than the stimulated echo, or any other four-timetial.

correlation-function experiment. However, we did not exam-  Section V briefly looks at the shape of the echo decay,

ine the effect of changing a single well-defined modulationwhich is predicted to be nonexponential in the spectral dif-

time across this region. fusion range. The shape is also diagnostic of the short-time
In the following, we analyze the influence of modulation derivative of the frequency—frequency correlation function.

time on the two-pulse echo observable. In Sec. II, we reex-

amine a Simple, but common model in which the dynamiC”_ ECHO DECAY TIMES FOR ARBITRARY

process decays exponentially and is embedded in a veloODULATION TIMES

broad inhomogeneous lifé?"?%3%When the modulation is . _

fast, we recover the standard echo result. The echo decay YWe startwith a standard stochastic model for echo spec-

time Tg is equal to a dephasing timg, in the sense of the troscppy in which the material is re'presented as two spectro-

Bloch equations. The process is motionally narrowed, so as“%P'C. Zlge?\’gels separated by a time-dependent frequency

7., increasesTg decreases. However, as, continues to  @(1)-""=~"The deviation of the frequency from its average,

increase into the spectral diffusion range, there is a turn ovef® (1) =@(t) =(w(t)), is the sum of two stochastic pro-

and subsequent increases1ip are directly mirrored in in-  ©€SS€S

creases offz. The echo no longer measures a dephasing  Sw(t)=dwm(t)+ dwy(t). (1)

time in the Bloch sense, and the interpretation of the echq_h . 0 i | tatic. h

time as an inverse linewidth breaks down. In the spectral € process cau3|ngws|( ) is very slow or static, has a

diffusion regime, the echo decay is more directly related tomean—squared magnitude

the underlying modulation time, specificalljgoc 72/(8+2) AZ2=(602), )

whereg is related to the early time behavior of the modula-

tion. This dependence is often weak, making the echo usef a[nd corresponds to inhomogeneous broadening in standard

{reatments. Our interest is focussed on the process causing

over a very wide range of modulation rates. s S : .
. . . . t), which is characterized by a mean-squared magni-
Recently a number of detailed vibrational echo studie ua(;“é( ) y q 9

have been performed on the CO stretching mode of the pro-

teins, myoglobin—CO(Mb—CO)*3~14*! and hemoglobin— A2=(6w2(0)), 3
CO* In Sec. lll, a Tgx(x/T)Y® dependence is found
experimentally in the myoglobin systehi. 164142 Of
particular interest here are studies as a function of solvent 1

viscosity, which is equivalent to changing,. A viscoelastic Co)= A_ﬁlw‘"m(t)&"m(o»' (4)
modef3~*° provides the relationships betweep, and the
solvent viscosityn, and between the magnitude of the fre-
qguency fluctuationd , and the temperaturé. Two types of
data will be considered: Data from temperature-dependent . o

experiments, in which the solvent viscosity changes rapidly ~ "m— Jo C,(t)dt. (5)

with temperaturé® and isothermal experiments, in which a

number of solvents with various viscosities are u¥eld.is (In Sec. IV, a slightly different choice for the characteristic
found that part of the dephasing is dependent on the solvetime will be used. In standard treatments, this correlation
viscosity; the remainder persists even at infinite viscosityfunction is assumed to decay rapidly, and it creates homog-
The viscosity dependent portion of the protein’s structuranous broadening. We will allow arbitrary decay times.
fluctuations are associated with the dynamics of the protein’s ASSuming Gaussian statistics and making a cumulant ex-
surface®®* Using this model, the viscosity dependence ofPansion, the decay of the two-pulse echosslgnal with pulse
the echo data is found to match the predictions for spectraieparationr has been derived by Mukanft*’ In the limit
diffusion driven by an exponentially relaxing environment. ©f delta-function light pulses

and a frequency—frequency correlation function

This process is also has a characteristic decay tipe
which can be taken to be the integral decay time

Section IV removes the restrictions on the inhomoge- = t 1 t+ 7
neous width and shape of the correlation function that were  Sg( T)=J exp{ —4(ApTy)? C¢(—> —5C
i 0 Tm Tm
present in Sec. Il. In the standard echo model based on fast
modulation, the presence or absence of inhomogeneous T 5 )
broadening significantly changes the interpretation of the +C, - exd —Ag(t—7)7]dt, (6)

echo decay timé>%"n the spectral diffusion range, the echo
behavior is unaffected by the presence of an inhomogeneotzduation(6) is written in terms of
process in addition to the dynamic one. In fact, the spectral X [y
diffusion process does not need to be embedded in a static, C(p(X):f f Co(X"Tm)dX"dx’, (0
inhomogeneous line for the echo to be effective. 070

Section IV also shows that the exponent relafirgand  which is a unitless function of the scaled timest/r,,.
Tm IS sensitive to the short-time derivative of the frequency—  Using the same definitions, the signal from a free-
frequency correlation function. Thus, echo experiments camduction-decay(FID) experiment(the Fourier transform of
distinguish between correlation functions with differentthe absorption line shapés



J. Chem. Phys., Vol. 113, No. 8, 22 August 2000 Two-pulse echo experiments in the spectral diffusion regime 3235

>1, but is still fast compared to the very slow or static pro-
Srip(7) =exg —2(Ap,7y)*C ( ) exd —AZ7*]. (8) cess responsible for inhomogeneous broadening. In this
limit, the integrand in Eq(12) decays toward zero for small

We also consider a hypothetical FID experiment in which theyalues ofx. If the frequency—frequency correlation function
effects of the nearly static proce§shomogeneous broaden- s taken to be an exponential

ing) are completely removed

—t
9 Cw(t)=ex;< T—) (16

m

— T
SFlD( T) = eXF{ - Z(Ame)ZC‘p<T_) .

Experimental decay times are defined as the integral of the
full decay, i.e., for the echo and only the lowest order terms ¥t/ 7, are retained, Eq.

(12) reduces to
Te

a SE(O)f Se(7)dT, (10

and for the FID without inhomogeneous broadening
_ whereT'(x) is the standard gamma functiéhThis result is
E f SF (r)dr. (11) essentially the same as that derived by Yan and Mukamel
2 5.5(0) D from a closely related Brownian oscillator appro&cim the
extreme limit thatr,,—«, the echo does not decay. This
If the signals decay exponentially, these expressions give thesult corresponds to the standard finding that static inhomo-
standard decay times, but this definition of a decay time igeneous broadening does not cause echo decay. However, if
also applicable to nonexponential decays. These definitionge frequency fluctuations are on an intermediate time scale,
allow us to postpone discussion of the decay shape untjle., they are spectral diffusion, the relatively slow modula-

AnTe=(DPT (D (AnTm) ™, 17

Sec. V o _ tions of the frequency do cause the echo to decay. For the
Initially, we take the limit of very large inhomogeneous exponential correlation function considered here, the echo
broadeningAg—c. In this case decay time is proportional te®. However, Sec. IV will
A Te=4(An7) ?how that this result is not general for other correlation func-
ions.

The key point is that the interpretation of the echo decay
changes between the fast modulation and spectral diffusion
regimes. Unlike the fast modulation case, the echo decay
time in the spectral diffusion regime does not correspond to

_ o the inverse linewidth of a simple frequency-domain experi-
AmTFIDZZ(Ame)f exd —2(Anm)*(Cy(x))JdX.  (13)  ment. Nor does it correspond to a dephasing time in the

0 standard sense. Rather the echo decays on a time scale di-

Regardless of the form or decay rate of the frequency—+ectly determined by the frequency-modulation ting.
frequency correlation function, the echo decay time is a onlyFurthermore, in the spectral diffusion regime, the echo decay
a function of the modulation time, if both times are scaled byincreases with the modulation time, but with a weak power-
the modulation amplitude. In Sec. 1V, an example is showrnaw dependence. This contrasts with the fast modulation
where these relationships transfer to an experimental viscogase, where the echo decay time is inversely proportional to
ity and temperature scaling of the echo decay tjsee Eq. the modulation time.

(23)]. Figure 1 illustrates these ideas with numerical calcula-
For large and small modulation times, E¢B2) and(13)  tions of Egs.(12) and(13) for arbitrary values ofA ,7, and
reduce to standard results. In the limit of fast modulationan exponential frequency—frequency correlation function

i.e., Apnmn<<1, the integrand of Eq.7) decays very rapidly, [Eq. (16)]. The scaled echésolid curve and modified-FID
so Egs.(12) and(13) yield (dashed curvedecay times are shown on a log plot against
the scaled modulation time. In the fast modulation regime,
, (14) shown on the left side of the plot, the echo experiment is the
same as a FID in which the inhomogeneous broadening is
. eliminated. Both decay times decrease as the modulation
AmTF,D=A—. (15  time increases. This region corresponds to motionally nar-
m7m rowed, homogeneous line broadening. The echo decay time
The echo gives the same result as a hypothetical FID experis the conventionally defined homogeneous dephasing time.
ment with the inhomogeneous broadening removed. Its de- As the modulation slows pagdt,,7,~ 1, the FID makes
cay time is equal to the standard motionally narrowed homoa transition from “homogeneously” broadened to “inhomo-
geneous dephasing tinfe=T,=1/A2 r,,, 2% geneously” broadened, and the FID-decay tiffieewidth)

The case of particular interest here is that of an intermebecomes independent of the modulation rate. Because static
diate modulation time, where,, is slow compared to the inhomogeneous broadening\d) was not included in the
inverse magnitude of the energy fluctuations, &, FID calculation, the width of the FID linéFourier transform

><fwexp—4(Ame)2(ZC¢(x)—%C(P(ZX))]dx (12
0

and

ApTe=

AmTm
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10° gy dephasing timer,, and if we assume a typical vibrational

: quasi- lifetime, then environmental modulation times frorl0~ 13
static to ~10 s could be detected by vibrational echo experi-
ments. Thus, two-pulse echo experiments have a dynamic

102 N\ oo . ;
0 E range for modulation times much larger than the range of
&'s : Ty pulse separations. The apparently paradoxical aspects of this
| N spectral - .
< fast diffusion result are clarified in Sec. IV.
10! :_modulation 4
\\ /TFID Ill. COMPARISON WITH EXPERIMENTS ON PROTEIN
—— DYNAMICS
100 I I | I I 1 L L
10% 102 10" 10° 10' 102 10® 10* 10% 10° The properties of the echo derived above are well illus-
A 1 trated by the example of myoglobin—CO. In this system, the
m-m

solvent modulates the protein, and in turn, the protein modu-
FIG. 1. The scaled echtsolid curve and modified-FID(dashed curve lates the CO. The resulting fluctuation of the CO frequency
decay times calculated for an exponential frequency—frequency correlationeS within the spectral diffusion regime. Thus the echo de-
function are shown on a log plot against the scaled modulationtjnerhe " . .
standard results are obtained for fast modulatitpr,,<1, motional nar- cay tlme_s are dlreCtIy rela_ted to the rate of SOIVem'mdu_Ced
rowing regimé. As the modulation slows, the spectral diffusion regime Modulations of the protein structure. Another publication
(Am7m>1) is entered. The FID makes a transition from “homogeneously” will thoroughly discuss the experimental results and their
bfoadel_”ed to ;iEhomogeﬂegus'y”dbmadf“;d' a”é’ }he_ F'D‘deCIaY(“‘"“e meaning in terms of protein structural fluctuatididdere,
verse linewidth becomes independent of the modulation rate. In contrast L .
the echo decay time is still affe’z:ted by the modulation. The echo-decay timx\le present a limited amOl_‘mt of data and Only sufficient back-
increases with the modulation time, asymptotically reaching the cube-roofound so that the experimental results can be compared to

dependence of Eq17). Other processes set a cutoff on the maximum ob- the predictions of the theory presented above, in particular to
servable echo decay tim@otted ling. The quasi-static approximation is Eq. (7).

appropriate when the echo decay time exceeds this cutoff. . . .
pprop Y Recently, the ultrafast infrared vibrational echo tech-

nigue has been applied to the study of the protein dynamics
of myoglobin—CO(Mb—CO)**~**1and hemoglobin—C&

of the FID decay reflectsA,,. In contrast, the echo decay The vibrational echo measurements of the pure dephasing of
time is still affected by the modulation. The echo decay timethe CO stretching mode are sensitive to the complex protein
increases with the modulation time, asymptotically reachinglynamics communicated to the CO ligand bound at the ac-
a cube-root dependence op . tive site of the proteif® 54! Unlike other ultrafast

In any system at equilibrium, there are no truly statictechnique$®“®which involve electronic excitation of chro-
processes, only relatively slow ones. Thus it is important tanophores, the vibrational echo experiments directly examine
consider what condition allows a process to be treated affuctuations of protein structure on the ground-state potential
guasi-static in an echo experiment. In most systems, addsurface.
tional processes that we have not considered explicitly will ~ The experimental method and procedures have been dis-
also cause dephasing with a decay tifije Even if there are  cussed in detail previousk’ **!Infrared(IR) pulses of~1
no other pure dephasing processes, the excited-state lifetinps duration and-15 cm ! bandwidth are tuned to th, CO
T, is an additional contribution to the total dephasing. De-stretching mode of Mb—CO. Two pulses are crossed in the
cays arising from the-,,-process cannot be observed if they sample at a small angle. The echo signal is detected at the
are much longer than the dephasing time resulting from thesghase matching angle as a functionmthe delay time be-
other processes. This cutoff time is illustrated as a dashetiveen the two excitation pulses. The temperature was varied
line in Fig. 1. If the modulation time is sufficiently long, the using a constant-flow cryostat. At each temperature, a
contribution toTg from spectral diffusion exceeds this cut- vibrational-echo decay and a pump—probe decay were re-
off, and the effects of the,-process become unobservable. corded. Within experimental error, both decays could be fit
The quasi-static limity,,— o, is appropriate in this case, and to exponentials. The echo decay gives, and the pump-—
we recover the standard result that a sufficiently slow procesgrobe decay gives the=1 lifetime T,. The pure dephasing
is eliminated from the echo decay. However, the distinctiortime TE is determined from
between spectral diffusion and the quasi-static regime is not 1 1 1
inherent to the modulation process itself; it is determined by ~ — = —+ —.
competition with other dephasing processes. Te Tg 2T,

Using a unified treatment of the echo across both fasjn the derivations given abova, was not included, s@
modulation and spectral diffusion regimes, the range otorresponds to the echo times calculated above.
modulation times where the echo can be measured is ap- An IR vibrational-echo study was performed on Mb—CO

(19

proximately in a variety of solvents at room temperatyg95 K).** The
solvents were chosen to have a wide range of viscosities. The
WSTmSAZmTf. (18  viscosity of each solvent with protein was measured. The
2=m

pure dephasing data display a significant dependence on the
As an example, iff; is the only contribution to the limiting solvent viscosity. The mechanism of coupling of protein
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structural fluctuations to the CO vibrational transition fre-the contribution to the pure dephasing measured in trehalose
quency has been discussed in detail previolisilere we  (infinite viscosity was removed from the EgOH data using
are interested in the role that the protein’s surface motiongzg. (20).
which are sensitive to the solvent viscosity, have on the CO To compare the experimental results of the temperature
pure dephasing. dependent study in EgOH with the isothermal viscosity
In addition to the isothermal experiments, temperaturestudy, the temperature dependent viscosity of the EgOH
dependent IR vibrational echo experiments on Mb—CO insample, including the protein, was measured between 210 K
the solvents trehalose and a 50/®0v) ethylene glycol:wa- and room temperatuf®. The viscosities at lower tempera-
ter (pH 7 0.1 M sodium phosphate bufjemixture (hereafter tures were obtained using a Vogel-Tammann—Fulcher
referred to as EgOHwere performed® The temperature de- (VTF) equation to model the viscosit)>2 A VTF curve
pendent pure dephasing in the two solvents are identical b&vas fit to the measured points along with the assumption that
low ~150 K. However, the dynamics are dramatically dif- the viscosity is 18*cP atT, of the solvent alon€136 K). A
ferent above this temperature. In the experiments withviscosity of 13°cP is frequently used to define the labora-
Mb-CO in trehalose, the solvent is a glass at all temperatory glass transition temperature. However, a single VTF
tures studied10-310 K. The data arise from the protein curve cannot accurately emulate the viscosity over such as
dynamics with fixed, essentially infinite, viscosity, and thel’e-large temperature range. FurthermoT@lof the solvent plus
fore, there is no significant change in the protein surfacerotein will differ somewhat from the solvent alone. There-
dynamics with temperature. The surface topology is fixedfore, the viscosities at the lowest temperatures are approxi-
The EgOH sample displays a much steeper temperature dgate.
pendence than the trehalose sample does above the EQOH As has been discussed briefly previod&lgnd will be
glass-transition temperature at130 K. The change in the discussed in detail subsequerftithe experimental data de-
pure dephasing with temperature is caused by a combinestribed above suggest the following model for the role of the
viscosity and temperature dependence. Between 130 and 288|vent viscosity. When the protein is in a solid, glassy sol-
K, the EgOH viscosity changes by more than ten orders o{ent, the surface topology of the protein is essentially fixed.
magnitude, but the pure dephasifagtributed to the viscosity The protein can still undergo structural fluctuations, but only
change, see belgwonly changes somewhat more than onethose fluctuations that do not change the protein’s surface
order of magnitude. This initially surprising disparity is at- topology are permitted. The surface of the protein can only
tributed to the weak dependencef on 7, in the spectral  change in so far as the glass in which it is embedded is
diffusion regime, as discussed in Sec. II. compressible. Because the compressibility of a glass is very
We wish to determine the influence of changing the vis-sma|l, surface motions of the protein are severely restricted.
cosity on the echo decay. At room temperature, the trehalosgnys, the protein is limited to internal motions. The tempera-
sample displays significant pure dephasing despite the fagfire dependence of such motions, as sensed by CO bound at
that the viscosity is essentially infinite. The pure dephasingnhe active site of Mb, is reflected in the temperature-
rate in trehalose represents the infinite viscosity point. Th‘?jependent pure dephasing measured in trehalose. In EgOH
pure dephasing in this sample is only due to temperaturgg|gy jts Ty, the behavior of Mb—CO is identical to its
induced structural fluctuations of the protein that do not reqghavior in trehalost®
quire participation of solvent motion to any significant ex- AboveT,, the EGOH surrounding the protein is a liquid.
tent. To obtain the room-temperature viscosity dependences s the protein is no longer constrained only to have mo-
the room-temperature infinite-viscosity pure dephasing ratgq,ns that maintain the protein’s surface topology. The addi-
(the rate in trehaloges subtracted from the pure dephasing tjona| protein motions are modeled by the, and 7, of Sec.
rates measured at finite viscosities Il. The response of the liquid is time dependent and is char-
acterized by its time-dependent viscoelastic propeffidsist
1 _ 1 _ 1 (20) aboveT g, the liquid is extremely viscous, and its response to
Te(n) Te(n,T) Te(n==,T)’ protein structural fluctuations that would change the protein
surface is extremely slow. The modulation timg is very
whereTg is the reduced pure dephasing time. The contribuiong. Other processes, i.&; and the internal structural fluc-
tion from T, was removed before hand by using EtP). In  tuations that are observed in trehalose, dominate the dephas-
the nomenclature of Sec. [T is the dephasing time from ing. This competition puts the solvent-induced process in the
the primary spectral diffusion process, ahgl =) corre-  quasi-static limit, and its contribution to the echo is negli-
sponds to the external dephasing tifig. Equation(20)  gible. As the temperature is increased ab®ye the liquid’s
implies that the temperature dependence at infinite viscositgbility to respond to protein structural fluctuations increases,
and the viscosity dependence are additive. The additivity willand 7,,, becomes shorter. At some temperaturg,becomes
be discussed below and shown to be a reasonable model. short enough that the contributions to the pure dephasing
The viscosity dependence of the pure dephasing dateaused by the protein’s surface fluctuations become compa-
taken in EgOH as a function of temperature was determinedable to the other dephasing processes. A new contribution to
in the same manner. In the EQOH experiments, the viscositthe Mb—CO homogeneous pure dephasing comes into play
varied by changing temperature rather than by changing thas the solvent-induced modulations enter the spectral diffu-
solvent. To obtain the influence on the pure dephasing that ision regime. Protein motions that do not involve the pro-
associated with a change in viscosity, at each temperaturéin’s surface still occur, but as the viscosity of the solvent
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drops, structural fluctuations that involve surface dynamics 102 e
become an increasingly important contribution to the pure [
dephasing. It is not the motions of the surface per se that &
cause pure dephasing, but rather, motions of the surface per- %
mit structural fluctuations of the protein that are not possible &
in a glassy solvent that locks in the surface topology. Such <_ 4ot | 4
motions involve internal components of the protein as well X< 3
as the surface. §
Recently, a viscoelastic continuum theory was devel- &
oped to describe electronic-state solvation dynamics as well
as vibrational absorption linewidt#&44°*%°The theory has 100 . . . . .
had considerable success in reproducing important features 100 10! 102 108 10* 108 108
of these experiments. We have adapted the viscoelastic (11295 K)"2 (/cP)

theory to analyze the vibrational echo data on Mb-t0.
The full development of the theory in application to the FIG. 2. Mb—CO solvent induced pure dephasing times versus solvent vis-

Mb—CO experiments and a complete discussion of the dai sity on a log plot. The isothermé295 K) data(Hl) were taken in solvents
of various viscosities. For data measured in Eg@), the temperature was

analysis will be presented elsewhéPeHere, we only need | seq 1o change the viscosity. The two types of data are intermixed. The

two features of the viscoelastic thed?/* temperatures are scaled by 295 K, so the factdi*Gfis 1 for the isothermal
data. The solid line through the data is a graph of 8); only the ampli-
AmOCTl/Z, (21 tude factorA was adjusted. Within experimental error, the agreement be-
tween the prediction and experiment is very good. The predicted cube-root
whereT is the temperature in Kelvin, and dependence om,, is observed.
TmOC 7], (22)

where is the solvent viscosity. If the solvent-induced com- These data illustrate the fundamental features of spectral
diffusion. If the system were in the motional narrowing re-

ponent of the frequency fluctuation are in the spectral diffu- i i ) ;
sion regime, Eq(17) predicts that gime, i.e., fast modulation witl\,7,<1, the dephasing

time would increase as the viscosity decreased. Here we see
TY2TL = A(TV27) 153, (23)  that as the viscosity and resulting modulation time decrease,
_ _ ) ) the homogeneous dephasing time decreases, as is character-
whereA is a constant.Equation(23) can be rewritten in the  jsyic of spectral diffusion. Furthermore, it decreases with the

simpler form. cube-root form of Eq(23). At low temperature, where,,
L becomes sufficiently long, other processes, &f.andT,,
TrEzA(T) (24) dominate the echo decay. The slow frequency evolution is

then part of the inhomogeneous broadening, and it does not

However, Egs.(12), (21), and (22) show thatTl’zT'E is a  contribute to the echo decay. For the protein, this condition
function of T2 even outside the spectral diffusion range 0ccurs at temperatures belowl90 K and viscosities above
and regardless of the form of the frequency—frequency cor=2x 10° cP.
relation function. Thus, Eq(23) is a more robust way to
analyze the dafa. , IV. ARBITRARY CORRELATION FUNCTIONS

Figure 2 displays the Mb—CO solvent induced echo deqn INTERMEDIATE MODULATION
cay data on a log plot. Two types of data are displayed. The
squares are the isothermal data measured at 295 K in sol- Section Il confined itself to the case where the spectral
vents of various viscosities with the infinite viscosity contri- diffusion is embedded within a broad inhomogeneous line,
bution to the pure dephasirflylb—CO in trehaloseremoved and the frequency—frequency correlation function decays ex-
[Eq. (20)]. The circles are the temperature-dependent datgonentially. Both restrictions can be lifted, if we confine our
measured in EGOH with the infinite viscosity contribution to results to the spectral diffusion range.
the pure dephasingMb—CO in trehaloseremoved at each In the spectral diffusion regime, we represent the fre-
temperaturdEq. (20)]. (The temperatures are scaled by 2959uency correlation function to low order by
K, so the factor off*2is 1 for the isothermal datelNote that B
the two types of data are intermixed. It does not matter Cw(t)=1—<—o +--e (25
whether the data is taken at constant temperature in several Tm
solvents with only the viscosity changing, or the if the data isThe value ofg is determined by the shape of the correlation
taken in EQOH as a function of temperature, which results irfunction at early times. An exponential correlation function
a viscosity change. This supports the additivity of the two[Eq. (5)] corresponds t@=1. UsingB8=2 includes functions
terms in Eq.(20). like the Gaussian, setf),®® and the “ansatz” popularized

The important feature of Fig. 2 is the solid line through by Skinner”:°8 Stretched exponential correlation functions,
the data. The line is a graph of E@3); only the amplitude  exd —(t/7,)”], are covered by values okQ3<1.
factor A was adjusted. Within experimental error, the agree-  For nonexponential decays, there is not a unique choice
ment between the prediction and experiment is very good. of a time constant to characterize the decay. In the fast
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modulation regime, it is known that the FID and echo decayfunction at early times. Equatiof29) only inC|UdEST:n and
times[Eqgs. (14) and (15)] are not sensitive to the shape of B, which are early time properties € ,(t). In the spectral
the correlation function, so long as the exponential timediffusion regime, the echo signal decays much more rapidly
constantr,, is replaced by the integral decay timg defined  than the frequency correlation function, so the echo experi-
in Eq. (5). In the spectral diffusion regime, the echo decayment only samples the initial part of the correlation function.
depends most directly on the initial decay timfg. This  As a result, the echo is insensitive to whether the correlation
time is defined by the short-time expansion in E2f). For  function decays to zero on a single time sc@le., spectral
an exponential, it is equal to both the time constant and indiffusion with additional inhomogeneous broadeningr
tegral decay time;,,= 7= r:n. For other decay shapes, reaches a constant at some later tifine., spectral diffusion
these times differ. For example, with a Gaussian decaywith additional inhomogeneous broadening
exyd —(t%272)], the times are related by 2¢3 %7 =7, The fact that the echo is only sensitive to the initial
=21’27:n. For a stretched exponential, the relationship ismodulation time also explains the wide range of modulation
,Brin/F(B‘l)=7m= r:n. Unlike the fast modulation limit, times that can be monitored with the two-pulse echo. The
the shape of the correlation function, in the form of the ex-echo yields the initial slope of the frequency—frequency cor-
ponentg, also plays a role. relation function, which in principle can be determined in an
Putting the expansion E5) in Egs.(6) and(10) yields  arbitrarily short time. As is expected, the two-pulse echo
does not give information on the frequency correlation near

ApTe= Bﬁ(AmT:n)ﬁ’(B”)'B—H or beyond the ¥ time of the correlation function, which are
2 at times much longer than the echo pulse separation.
w0 2 A This early time sensitivity complements another method
3. [(B+2) . o .
X | X 7 Bl A of measuring spectral diffusion, the three-pulse stimulated
0 m

echo?®2%|n that experiment, the first two pulses are sepa-

rated by a timer;, which is fixed at a value larger than the
X (A7) 22 | dx, (26)  inverse linewidth. The separation of the second and third
pulsesr, is scanned. The decay of the signal withgives a
where the full linewidth is given by direct measure o€ ,(t) and thus of the spectral diffusion
AZ= A2 4 A2 27) time. However, the stimulated echo is most effective for
m = Tsh times near the &time of C(t) and longer. The early part
the standard error functio®(x) is used?’ and of the C_(t) is difficult to observe because of the small
1) 8 \(BrUE+2)) goq | UE+2) am_p!itude of the changes ©,(t) and the need to keep at
By=> | —5 2 (28)  afinite va_Iue. o
2\p+2 2°—1 Equation(29) also shows that the variation of the echo

is a constant determined kg decay time with the modulation time is a measureBpthe

In Sec. II, the limit of an infinitely broad inhomogeneous initial shape ofC,(t). In Sec. lll, the modulation time was

linewidth, A/A ;> 1, was invoked. In Eq(26), this limit al- ~ Proportional to the viscosity of the system. Thus, Fig. 2 dem-
lows the error function to be replaced with unity over theonstrates that the correlation function in a protein has a linear

important regions of the integrand. In the case wherel, initial decay. The data are consistent with a simple exponen-
this limit leads to Eq.(17). However, Eq.(26) shows that tial C,(t), but are not compatible with a stretched exponen-
essentially the same resullt tial or with a power law, which is predicted fg@-relaxation
in mode-coupling theories.
AT =EB I =] (A )BB+2 (29) By related physical reasoning, any componenCgqft)
mET27A g2/ T ' much faster than the echo decay time can be excluded from

the expansion in Eq25). This expansion only needs to be

of the amount of inhomogeneous broadening. Thus, in th alid over the time range where the echo is measurable, i.e.,
spectral diffusion regime, the presence of an additional inholf®™ @Pproximately the excitation pulse width out to a few
mogeneous broadening is irrelevant to the formation and be(jecay times. For example, all time correlation functions must
havior of the echo be quadratic at sufficiently short times. However, this limit

Removing the need for an extra inhomogeneous proces;_%fte(rj1 onlylggglles fo a ‘@Tyhsﬂ"”n inertial ((:jomrl)onent c(c;r_l-
has practical significance. In the protein system, ined to~ s or less. With the picosecond puises used in

=15cm L, corresponding to an inverse time of 2 ps. At theSec. Il, any inertial (_:Iynamics need not be includet_:l in Eq.
lowest viscosities, solvent modulation times are predicted (22 Pecause they will have decayed before the earliest mea-

to be on the order of 10 ps or even less. Under these condfurable time. Any effect from inertial dynamics can be in-

tions, it is hard to understand how both the spectral diffusiorf!Uded @s a separate, homogeneous dephasing process.

and broad inhomogeneity Iimit$m>A;11>A‘1, can be sat-

isfied.j/}/ith the reali.zation that only one limit is efssentiaI,V. ECHO DECAY SHAPE

Tm>A,~, the experimental results are more easily recon-

ciled with theory. It is important to note that even for an exponential decay
This behavior is linked to the fact that the echo time isof C,(t), the echo decay is not necessarily exponential. For

only sensitive to the properties of the frequency correlatioran exponentiaC,(t) [Eq. (16)], the echo decay shape is

occurs in the spectral diffusion regiof,,7,> 1, regardless
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should be recognized that the decay shape is a function of
both the modulation regim@-ig. 3) and with the form of the
correlation functiof Eq. (32)].

In other experiments, including those described in Sec.
Ill, other factors obscure the decay shape. There are addi-
tional processes, specifically the lifetirig and the infinite
viscosity pure dephasing process, that give rise to exponen-
tial decays that are convolved with E¢B0). Convolution
with the laser pulse shape and pulse-overlap artifacts further
complicate the echo shape. Model calculations matching the
conditions in Sec. lll indicate that the difference between fast
and intermediate modulation shapes is difficult to discern in
the experiments discussed in Sec. lll. In systems like these,
the variation of the echo decay time with viscogifg. (23)]
FIG. 3. The shape of the echo decay from B) as a function oft..7.. (0, is an important alternative approach to detecting and analyz-

0.1, 0.33, 1, 3%; top to bottom on the right In the fast modulation limit NG spectral diffusion.

(A 7m—0), the decay is exponential, i.e., linear on this semilog plot. In the

spectral diffusion rangeX,,7m— ), the decay is eXp-(t/,)°], i.e., cubic

on this plot. The feasibility of experimentally measuring this characteristic\/|. CONCLUDING REMARKS
decay shape depends on the signal-to-noise level, the amount of pulse-width

broadening and the presence of competing dephasing processes. To summarize the nature of the spectral diffusion re-
gime, we compare intermediate modulation and fast modu-
lation in the two limits of large inhomogeneous broadening
(Ag>A,) and no inhomogeneous broadeningyE0).

2 exp{ —)

SK(7)

47/T,

-7 First consider the case of large inhomogeneous broadening
and fast modulation. The echo experiment eliminates the in-
] homogeneous broadening and reveals the homogeneously

Tm

Se(7)= EXF{ - 4(Ame)2
1 27 T 3 X : 2
- Eex + — > (30 broadened line. The echo decay timeTis=T,=1/A[ 7.
Tm m For the same system, an absorption spectrum measures a
In a real experiment, this curve is only observed in the regiodin€Width dominated byA. Defining an echo linewidth as
7~Te. In the fast modulation limit, the echo decays morel/7Te, the echo is identical to a hypothetical linewidth ex-
slowly thanr,,, so the terms in exp{r/7,) can be dropped periment where the inhomogeneous broadening is elimi-
in Eq. (30). In this limit, the echo decay is exponential over Nated. o _
the experimental time region and has a decay tifaés. In the spectral diffusion limit with large inhomogeneous
However, in the spectral diffusion range, the echo decay iroadening, the echo decay tirig is again determined by

much faster tharr,,. The terms in expf#/z) can be ex- Amand 7y [Eq. (29)], but the functional dependence is dif-
panded to lowest order, giving ferent from the case of fast modulation. The echo linewidth

can still be defined as the inverse of the echo decay time,
AT (413)7\3 I'e=(7Tg) 1, and it will be substantially narrower than ab-
SE(’T)ZEX _<T—) .
E

(31)  sorption linewidth. However, there is no frequency domain

experiment that readily corresponds to this linewidth. It is
A plot of In S(7) will be cubic, not linear. This result was €asier to interpret the echo decay directly in terms of modu-
originally derived by Yan and Mukamé. lation times.

Figure 3 shows Eq(30) for various values ofA,7,. As For zero inhomogeneous broadening and fast modula-
the modulation time changes from the fast modulation to théion, the echo decay time becomé$e=2T, and is directly
spectral diffusion regime, the echo decay makes a definiteelated to the absorption spectrum full width at half maxi-
change in shape. mum (FWHM), which is equal to 4T,. In the spectral

For a general frequency—frequency correlation functiordiffusion case, the absorption spectrum measures the full
in the spectral diffusion limit, and taking a broad inhomoge-spread of frequencied,, and provides no information on
neous line, the echo decay shape is Tm. However, the echo decay time is still determined by

both A, andr,,,. Even in the absence of distinct inhomoge-
8(Ammm)? neous broadening, the echo decay gives information on the
(BT L)(B+2) rate of spectral diffusion. The only limitation is that, 4f,
becomes sufficiently slow, other processes, such,;aswill
On a semilog plot, the echo decays as the8power of the  dominate the echo decay, ang, will take on the role of a
delay time. Thus the echo decay shape can also be diagnostjoasi-static inhomogeneous broadening, even in an echo ex-
for the form of the frequency—frequency correlation func-periment.
tion. The well-known phenomenon of motional narrowing

In some systems, the change in echo decay shape may bad the spectral diffusion results we have presented here ap-

very diagnostic of the type of modulation. However, it ply to what Kubo has called “Gaussian” modulatidhin

T 2+

(32

S(7)= ex;{

Tm
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