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Hydrogen bond population dynamics are extricated with exceptional detail using ultrafast
(<50 fs) infrared multidimensional stimulated vibrational echo correlation spectroscopy with full
phase information and frequency resolved infrared pump—probe experiments performed on the
hydroxyl stretch of methanol-OD oligomers in GCHydrogen bond breaking makes it possible to
acquire data for times much greater than the hydroxyl stretch vibrational lifetime. The correlation
spectra and detailed calculations demonstrate that vibrational relaxation leads to hydrogen bond
breaking for oligomers that have hydroxyl stretch frequencies on the low efredyside of the
hydroxyl stretch spectrum, the spectral region that is associated with the strongest hydrogen bonds.
Frequency resolved pump—probe data support the conclusions drawn from the correlation spectra.
Using a global fit to the pump—probe spectra, in conjunction with assignments made possible
through the correlation spectra, it is demonstrated that the residual ground state and photoproduct of
hydrogen bond breaking are prepared near their thermal equilibrium distribution. The spectrum of
the hydrogen bond breaking photoproduct and the residual ground state approach the steady-state
temperature difference spectrum on the tens of picoseconds time scale, indicating the system
thermalizes on this time scale. @003 American Institute of Physic$DOI: 10.1063/1.1627762

I. INTRODUCTION used to examine spectral evolution because absorption lines
in hydrogen bonded liquids are inhomogeneously
Hydrogen bonding in alcohol liquids and water gives prgadenedt811:19.20.224230d yield only time independent in-
rise to complex structures and dynamics. In hydrogen bondermation. The inhomogeneous contribution to the line shape
Ing |IQUIldS, hydrogen bonds are constantly being broken andap pe eliminated and the underlying dynamical line shapes
formed. The _structural dyngmlcs of _h_ydrogen bond_ net-.an be observed using vibrational echo experim%‘ﬁ@:“
works play an |n_1port_ant. role in dete.rm.lmng the properties OfBecause of the complexity of hydrogen bonding systems,
hydro%enlb?ndlng _Imuu%;.FOSutéh #qwds_, gf‘_\g gednerbated Analysis of different contributions to dynamical vibrational
great deal of experimen and theoretic study be- spectra requires ultrafast multidimensional methods. Such

cause of their importance as sglvgnts in chemical gnd big ethods can separate and narrow the dynamic spectral
logical systems. Recently, applications of ultrafast infrare 0-35.43 o . . )
. : o eatures®~343permitting the observation of various contri-
spectroscopic experiments are producing increased undeig-

standing of hydrogen bond dynamics. While most ultrafas utlcl)nstrgp the dynamlcl:ts_(.j. ional stimulated vibrational
infrared  experiments  have utilized pump—probe n this paper, multidimensional stimulated vibrationa

spectroscopy; 16 development of the ultrafast infrared vibra- echq correlation spectroscopy with full phase_informati_on is
tional echo techniqif&>2and the recent extension to multi- applied to the study of methanol—(z(IMeOD) oligomers in
dimensional vibrational echo methofs3 provide a new CCla- Figure 1is a spectrum of 10% MeOD in GGtith a

approach for the study of hydrogen bond dynamics. Multidi-Schématic illustration of the different types of hydrogen
mensional techniques are beginning to be applied to hydrd20nding species. For a MeOD in an oligomer in which the
gen bonding system&-2° Multidimensional stimulated vi- O is both & hydrogen bond donor and accefitalled 5),
brational echo methods are closely related tothe OD stretch is centered at2490 cm?!, and it has a
multidimensional NMR experimenf&-3¢ However, multidi- FWHM of ~150cni*. An OD that is a hydrogen bond
mensional stimulated vibrational echo correlation spectrosdonor but not an acceptdcalled y) has a peak position of

copy operates on a sufficiently fast time scéms of f§ to ~ ~2600 cm * and a FWHM of~80 cm *. An OD that is an
directly examine the time evolution of hydrogen bondingacceptor but not a dondcalled 8) has a spectrum centered
networks. at 2690 cm* with a 20 cm* FWHM.® The shift to the

Examination of the hydroxyl stretch provides informa- lower energy and the broad spectra of thand y bands are
tion on hydrogen bonding because the frequency of the hycaused by the change in the hydroxyl stretch potential with
droxyl stretch is sensitive to the strength and type of hydrohydrogen bonding3*°The high energyblue) side of thes
gen bonding:***° Fluctuations in the populations and band is associated with weaker hydrogen bonds and the low
strengths of hydrogen bonds produce hydroxyl stretch spe@nergy (red side results from stronger hydrogen
tral evolution®?2*!The linear absorption spectrum cannot bebonds!3°*%44Breaking a hydrogen bond changes the nature
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length dependent, varying from 900 fs at 2550 cm! to
B (30 s 7 ~400 fs at 2450 cmt.®
o% s 0}0 Here, we present an expanded experimental study of vi-
C:;O brational relaxation and hydrogen bond dynamics in MeOD

andd-MeOD (fully deuterated methanptissolved in CCJ
using the shortest mid-IR pulses produced to dat&( fs or
<4 cycles of light. Because of the very large bandwidth
associated with the ultrashort pulses, it is possible to perform
experiments on the entire broad hydroxyl stretching 0—1 and
1-2 bands of MeOD oligomers even though the combined
ground state and first excited state bands of MeOD are
~400 cm'! wide. We begin by discussing frequency re-
solved IR pump—probe spectra diMeOD. In contrast to
MeOD, the excited state lifetime is wavelength independent
across the broad hydroxyl stretch band because a Fermi reso-
nance with the overtone of the methyl rocking mddkoul-
. der on the red side of the spectrum in Fig.i4 absent in
frequency (cm™) d-MeOD3* Consequently, we are able to employ a global
FIG. 1. The linear absorption spectrum of a 10% solution of methanol—ODflttlng procedL!re In_ bo":h time and frequency th,at INCOrpo-
in CCl,. A's are hydroxyls that are acceptors but not dongisare donors ~ 'ates the detailed kinetic model developed previously to ex-
but not acceptorss's are both donors and acceptors. These are illustratedplicate the hydrogen bond dynamics.
schematicglly at the top of the figure. The shoulder on the red side of Fhe To obtain information beyond that available from the
s e e docermen ey ! 1% Minear absorption spectrum and spectrally resolved pump-
probe experiments, a detailed report is presented of the first
application of ultrafast heterodyne detected multidimensional
stimulated vibrational echo correlation spectroscopy with
of the species and, therefore, its absorption frequency. In afull phase control to the study of the dynamics of hydrogen
oligomer longer than a trimer, if Abreaks a hydrogen bond, bonding liquids®* The resulting correlation spectra include
two & absorbers are lost from the absorption spectrum, and both the 0—1 and 1-2 vibrational transitions. By using pulses
y and ap are formed(see schematic in Fig.)® Therefore, that are transform limited in the sample and by controlling
the dynamics of the spectrum of the hydroxyl stretch reflecpath lengths with accuracy of a small fraction of a wave-
the population dynamics of the hydrogen bonds. The timdength of light along with proper data analysis, correlation
dependent shapes and positions of the bands in the vibrapectra are obtained with correct phase relationships across
tional echo correlation spectra provide information on thethe entire spectrum in a manner that is similar to 2D NMR
structural evolution of the system. Initial experiments usingspectroscopy? 3 The correlation spectra contain informa-
multidimensional vibrational echoes to study MeOD oligo-tion that is not available from other spectroscopic probes of
mers have been present&d. vibrational relaxation and hydrogen bond dynamics.
Recently, vibrational relaxation and hydrogen bond dy-  The vibrational echo correlation spectroscopy technique
namics in MeOD dissolved in C¢&were measured with ul- measures the population and vibrational dephasing dynamics
trafast infrared pump—probe spectroscépyThe hydroxyl in two frequency dimensionsy,, and w,. The w,, axis is
stretch of 8§ MeODs was excited at 2500 crh. Following  similar to the frequency axis in frequency resolved pump-
vibrational relaxation with a-500 fs lifetime, the signal did probe spectroscopy. Hydrogen bond dynamics represent a
not decay to zero because of hydrogen bond breaking thahotochemical system in which vibrational excitation of the
preserved the ground state bleach in sHeand. The studies hydroxyl stretch results in hydrogen bond brealdfd:*
showed that hydrogen bond breaking occurred following vi-Therefore, thew,, axis provides information on the identity
brational relaxation on two time scales200 fs and~2 ps®  of the species that result from hydrogen bond breaking. The
The fast rate arises from a direct breaking mechanisnw, axis does not have an analog in the pump—probe experi-
wherein the excited hydroxyl stretch decays into vibrationalment; it provides an additional dimension of information that
modes that directly lead to the hydrogen bond dissociationis contained only in the correlation spectrum. The positions
The slower rate of breaking is caused by an indirect mechaand signs of peaks in the correlation spectra contain the his-
nism wherein the dissociation of hydrogen bonds followstory of the various species involved in the hydrogen bonding
vibrational energy flow from the initially excited molecule to dynamics. Separation of the peaks in the two-dimensional
other MeODs of the same oligomf&Fhe pump—probe signal (2D) correlation spectrum is equivalent to separation of
does not decay monotonically to zero. Rather, following aguantum pathways even though the pathways result in opti-
rapid decay the signal increases to a second maximum ail emission at the same frequency. Interferences between
~4 ps because of the hydrogen bond breaking. The decgyeaks with different histories are removed, which simplifies
from the second maximum, caused by hydrogen bond refotthe interpretation of the sequence of everftdhe correla-
mation, occurs on two time scales, with7 and~20 pstime  tion spectra and comparison to detailed calculations unam-
constants. The excited state lifetime was found to be wavebiguously demonstrate that hydrogen bonds are broken selec-
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tively on the red side of thé band and that the photoproduct monochromator was stepped across the spectrum so that the

of hydrogen bond breakingy MeODs, are created. arrays of wavelengths measured by the different array blocks
matched up to form a continuous spectrum across the entire
Il. EXPERIMENTAL PROCEDURES hydroxy! stretch band. The pump pulse was delayed in vari-

The ultrashort IR pulses are generated using a Ti:sapPl€ Steps. The spectrum of the pump and probe pulses were

phire regeneratively amplified laser/OPA system. The outputdentical. The spectrum of the probe was removed from the
of the regen is 26 fs transform limited 2/3 mJ pulses at 1 kHAata as the data were collected. The data were not corrected
rep rate. These are used to pump a substantially modifiefPr the spectrum of the pump; it is sufficiently broad to span
Spectra Physics short pulse IR OPA. The output of the OPAhe desired spectral region.

is compressed to produee50 fs virtually transform limited The phase-resolved, heterodyne detected, stimulated vi-
IR pulses as measured by collinear autocorrelation. For therational echo was measured as a function of one frequency
experiments, the compression was readjusted to give trangariable, oy, and two time variablesy andT,,, which are
form limited pulses in the sample as measured by a sampléefined as the time between the first and second radiation
that gave a purely nonresonant signal. The long-term stabifield-matter interactions and the second and third interac-
ity is such that data were collected continuously for as longions, respectively. The measured signal is the absolute value
as five days. squared of the sum of the vibrational echo electric fi€d,

For the heterodyne detected multidimensional stimulate@nd the local oscillator electric field,:|L+S|?=L2+2LS
vibrational echoes, the IR beam is split into five beams.+S?. TheL? term is time-independent and 88 is negli-
Three of the beams are the excitation beams for the stimwgibly small; hence, neither contributes to the time depen-
lated vibrational echo. A fourth beam is the local oscillatordence of the signal. The spectrum of theSterm is thew,

(LO) used to heterodyne detect the vibrational echo signalrequency axis. As the variable is scanned in 2 fs steps, the
All of the beams that pass through the sample are opticallphase of the echo electric field is scanned relative to the fixed
identical and are compensated for GVD simultaneously. Theocal oscillator electric field, resulting in an interferogram
vibrational echo signal combined with the LO is passedmeasured as a function of thevariable. The interferogram
through a monochromator. For the spectrally resolvectontains the amplitude, sign, frequency, and phase of the
pump-—probe experiments, one of the excitation beams igcho electric field as it varies with By numerical Fourier
used for pump—probe experiments. The fifth beam is teRransformation, this interferogram is converted into the fre-
times weaker than the others and is used as the probe bea{gnJency variablaw.. In NMR, the ». and thew,, axes are
After passing through the sample,. the probe beam .is directeéienera”y referred to as the, and thew axes, respectively.
into the monochromator. Depending on the experiment, the e interferogram contains both the absorptive and dis-

heterodyne detected echo or the probe beam is detected by,a,jye components of the vibrational echo signal. However,

32 element MCT array. At each monochromator setting, th,, o sets of quantum pathways can be measured indepen-

array detects 32 individual wavelengths. The data were prodently by appropriate time ordering of the pulses in the

cessed using a computer that acted as a digital lock-in aMexperiment’”*#With pulses 1 and 2 at the time origin, path-
pI|f|(T3r_]that was _S)t/nch_:onlzed to an op;tlcal choppzr. for b tway 1 or 2 is obtained by scanning pulse 1 or 2 to negative
ierence Intensity measurements were made for bo r%ime, respectively. In principle, by adding the Fourier trans-

t_he vibrational echo and pump-—probe expenments.. For th?orms of the interferograms from the two pathways, the dis-
first laser pulse, the array measured the local oscillator or

probe beam and the corresponding signal field. For the nexto ove component cancels leaving only the absorptive

. component:328The 2D vibrational echo correlation spectra
laser shot, the optical chopper blocked one of the beams to ' . ) .
are constructed by plotting the amplitude of the absorptive

local oscillator or probe beam was measured. The diﬁerenc@art of the stimulated vibrational echo as a function of both

between these two measurements was then normalized 6‘9“ andw,. L
the spectrum of the local oscillator or probe detected in the -ack of perfect knowledge of the timing of the pulses
second shot to remove the effect of pixel-to-pixel variationsd"d consideration of chirp on the vibrational echo pulse re-
in the array. Both the heterodyne detected vibrational echd4!'es a “pha%nags”. procedure to be usédhe projection
and the pump—probe signal are quadratic in the intensity ofice theorerf™®*%is employed to generate the absorptive
the laser. A single element detector measured the overall gD correlation spectrum. The projection of the absorptive 2D
tensity of the laser, and was used to do a second normaliz&9'relation spectrum onto the, axis is equivalent to the IR
tion of the signals to provide the proper quadratic normalizaPUmp—probe spectrum recorded at the sdfje as long as
tion. all the contributions to the stimulated vibrational echo are
The sample, 10% MeOD or 10%:MeOD in CCl,, was  absorptive. Consequently, comparison of the projected 2D
held in a sample cell of CaHlats with a spacing of 5@m.  stimulated vibrational echo spectrum with the pump—probe
The peak absorbance of the samples was 0.18. Such a Igspectrum permits the correct isolation of the absorptive vi-
absorbance is necessary to prevent serious distortions of tixational echo correlation spectrum from the 2D spectrum
pulses as they propagate through the sample. obtained from the addition of the two quantum pathways.
For the spectrally resolved pump—probe experiments, It is possible to come relatively close to the correct cor-
the change in transmission spectrum was collected as a funeelation spectrum prior to the “phasing” procedure because
tion of the delay between the pump and probe pulses. Ththe very short pulses permit their time origins to be known
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within a few fs. The frequency dependent phasing factor 30 001
used to correct the 2D spectra has the form d
Sc(wm,w,) =S (0, 0,) P (0, 0,) 10 p—
+SZ(wm!wT)q)2(wm1w‘r)y

Do, 0,)=exgi(wpnAT ot ©AT,+ Quypon

(LOns

log[#(ps)]

+Conw,)],
(DZ(wm va) = eXId:i (“’mA TLO,E™ wTA 7'1,2"' Qupnon
+Conw,)]. )

Each term in Eq(1) has a well-defined physical origi¢,
is the correlation spectrun8; and S, are the spectra re- 30 . o
corded for pathways 1 and 2, respectivelyr o ¢ accounts b

for the lack of perfect knowledge of the time separation of _

the LO pulse and the vibrational echo pulse; the term involv- ] 0.005
ing Q accounts for linear chirp introduced into the echo , [

pulse by the rear window of the sample cellr; , accounts =

for the lack of perfect knowledge of the time origins of ex- & ~ | o
citation pulses 1 and 2; and the term involvi@gaccounts =0

for the linear chirp caused by propagation of the echo pulseE 1
through the sample. Following phasing, the errors are
<100%x 10 '8 s across the entire spectrum.

=(1.101

| -0.005

I1l. RESULTS AND DISCUSSION 2300 2400 2500 2600 2700
A. Pump—probe spectra frequency (cm')

Figure 2a) shows pump—probe spectra of 1@MeOD  FiG. 2. (Colon) (a) Frequency-time contour plots of spectrally resolved

in a frequency-time contour plot as a function of pump delaypump—probe data collected as a function of pump deldpote the log
t (note the Iogt scalg. The color bar to the right keys the scalg). The z axis, shown_ as cqntours, has units of transmission change
color of each contour to the corresponding amplitude. Th({arb't.r'?“y unitg. The positive goinglred features at small are the 0—1

. . ransitions of the initially excited and y bands. The negative goir(glue)
contours display equal 8% graduatiodsMeOD rather than  features are the 12 transition of th®and. At longet, the positive going
MeOD was studied because tl#eand y excited state life- spectrum narrows and shifts to the red because of hydrogen bond breaking
times are Wavelength independent due to the absence ofagd a new negative going feature appears. The 1-2 band decays with the

Fermi resonance between the hydroxyl stretch and the oveglbratlonal lifetime. (b) A global (frequency-time fit of the pump—probe

. 6 . pectra using a previously reported kinetic model. The agreement is excel-
tone of the methyl rocking mode’® The time dependence of jent. see text for details of the fitting procedure.

the photoproduct spectra are more easily extracted without

the complication of wavelength dependent excited state life-

times during the first few ps. Other than the wavelength deeffects make the intensity of the 0—1 and 1-2 transitions
pendent lifetime, comparisons of experiments show that the-20 times smaller than thei&band counterparts. Thg0-1
dynamics ofd-MeOD and MeOD are the same. FigurPR transition appears in the pump—probe spectra as a small posi-
displays a global fit to the pump—probe data that was emtive shoulder next to the large positivg0—1 transition. The
ployed to assign the different populations contributing to they 1-2 transition is not visible because it is~&b% negative
dynamics. The fit will be discussed in detail below. cut-out of the center of the larg&0—1 transition.

At pump delayt= 200 fs[bottom of Fig. Za)], the spec- For t~1 ps, the negative going 1-2 transition of the
trum is dominated on the blue side by the positive going 0—band has decayed with the excited state lifetime and is nearly
transition of thed and y bands and on the red side by the gone. The positive going 0—4 band appears to collapse to
negative going 1-2 transition of the The 1-2 transition of the red and narrow. By~ 4 ps, the positive 0—1 band has
the y band is obscured by the much larger positive 0—1 tranfinished moving to the red. The peak reaches another maxi-
sition of the 8 band. They 0—1 transition is centered at mum because of continued hydrogen bond breakirdgdro-
2600 cm L. With an anharmonicity of~100 cnm %,%" the y  gen bond breaking, which converds into y's and 8's, pre-

1-2 transition is centered at2500 cm *, directly on top of  vents excited state relaxation from completely filling in the
the 6§ 0—1 transition. The relative intensity of theO—1 and ground state bleach. Consequently, theand is preserved
1-2 transitions are much smaller compared with $h@-1  for times longer than the excited state lifetime through hy-
and 1-2 transitions because the concentration ofythe  drogen bond breakinfyin addition, a new negative going
lower?®2®the extinction coefficient is three times smalfler, feature appears to the blue of the preserdéand. Although

and the laser spectrum at 2600 chis approximately 60% there is more than one mechanism that can give rise to the
compared to its maximum at 2480 ¢ These combined observed features in the pump—probe spectrum, it will be
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FIG. 4. Normalized comparison of spectral slices from the pump—probe

FIG. 3. N li i f= — f 1 . .
G. 3. Normalized comparison af=30 ps pump—probe spectrum of 10 data. The spectra &t 200 fs and 3.6 ps are shown to illustrate the dramatic

mol % MeOD in CC}, (solid line) with FTIR temperature difference spec- . L .
trum of 26 mol % MeOD in CG (dashed ling The spectra are nearly chanlge in ;he specrt]rum of the preser\iiert‘iand(po_smvef dhue to selective
identical. The corresponding linear FTIR spectra are shown in the inset. Agrea ing of strong hydrogen bonds on the red side of the band.
can be seen from the inset, the small differences between the pump—probe
spectrum and the temperature difference spectrum result from the differ-
ences in the samples.

ture are shown in the inset of Fig. 3. The 26 mol % sample

shown conclusively below using correlation spectroscopy'@S Slightly more absorbance on the red side ofdtimand
and detailed calculations that this band corresponds to th@ecause, on average, the oligomers are loffjéhe longer
photoproduct y produced by hydrogen bond breakihg. oligomers reduce the relative concentration 8, which
Therefore, we will discuss the data in terms of the correctnakes they band (blue side of the lingesmaller compared
mechanism prior to the elimination of other possible mechawith the 10 mol % sample. Thie=30 ps pump—probe spec-
nisms. Finally, fot>4 ps, the amplitudes of the preservé&d trum reflects these differences.

and photoproducy spectra decay because of hydrogen bond  Having assigned the preservetland photoproducty
recombination until a long time offset is observed, as repopulations in the long portion of the pump—probe spectra,
ported previously. The long term offset is produced by @ we now turn to the earliet regions to explore when the
very small incregse in the §ample tempgrgture following Vi'preserveﬁand photoproducy populations were formed. As
brational relaxation that shifts the equilibrium to fewer hy- . iioned earlier, the and y excited state lifetimes are the

drogen bonds. same ind-MeOD (0.8 p9 because of the absence of the

To unde_rstand the V|l_3rat|0nal relaxation and hydroger]:Frmi resonance on the red side of #héand that shortens
bond dynamics observed in the pump—probe spectra, we sta

. . . 4 _
by assigning the species in the lohgortion of the spectra. the.bé I|fEt|me n MeO(IjD.d Cons.equintly,.wg are agle o dgh
The longt portion of the spectra contains contributions only SCP€ the spectra and dynamics of excited state decay with a

from the preserveds and photoproducty bands. Figure 3 single basis function, which decays exponentially with the
shows the comparison of the-30 ps pump—probe spectrum €xcited state lifetime. At the earliest delays<(1 ps) the

of 10 mol % MeOD with the steady-state temperature differ-Pump—probe spectra in Fig.(& are dominated by the
ence spectrum of 26 mol % MeOD measured previoti8ly. ground state bleach and excited state absorption and stimu-
The temperature difference spectrum is for a 9 °C change ifated emission. Therefore, we chose the earliest pump—probe
temperature and is a strictly steady-state experiment. Whespectrum {=200 fs) as a basis functiorB{(w)) to fit the

the temperature is raised, the distribution of hydrogen bondsxcited state lifetime decay dfoth § and y bands. This
shifts toward fewer hydrogen bonds and potentially weakegpectrum is shown as the solid line in Fig. 4. To describe the
bonds. Because the hydroxyl stretch frequency depends Gfequency and time dependence of hydrogen bond breaking
the strength of hydrogen bonds associated with it, a shifh,g reformation, we adopt a model which assumes the spec-
toward weaker hydrogen bonds would produce a blueshift i, . of the preserved and photoproducy bands are virtu-

the spectrum. If hydrogen bonds were lost selectively from, . e independent. This assumption allows us to select a
the red side of the spectrum, then the spectrum would alsoump—probe spectrum that displays only the presesauod

shift to the blue. In either case, a blueshift of the spectrur’rPhoto roducty spectra. and use it as a basis function to de-
would occur. The shift toward the blue at higher temperatureD . producty sp use ! IS Tuncti
ribe the spectrum of the species that have broken hydrogen

depletes the red side of the spectrum, which corresponds ;
stronger hydrogen bonds. bonds at all timest. We selected thé= 3.6 ps pump—probe

The t=30 ps spectrum closely matches the steady-statPectrum as the second basis functi@()) to describe
temperature difference spectrum indicating the distributiorihe preserved and photoproducy spectra because it is the
of hydrogen bonds in the sample has reached its thermall§arliest spectrum that contains no contribution from the ex-
equilibrated distribution in-30 ps. The small differences in cited states. This spectrum is shown as the dashed line in Fig.
the two spectra result from the different samples that werd. (Note that Fig. 4 is the transmission change while Fig. 3 is
used. The FTIR spectra of the two samples at room temperdhe absorbance change.
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To apply this model to the pump—probe data, we em-above. To describe the time dependence, we adopted the ki-
ployed a global fitting procedure to fit the data set in bothnetic model developed previously to describe hydrogen bond
time and frequency domains simultaneously. The frequencireaking and reformation dynamics in Me@Dhe equation
dependence was described by the basis functions introduceed to fit the pump—probe spectra is

Ba(w)FikrKpy
(kpr—Kke) (ki —kr) (Kot —Kg)
Ba(@)FtskrKps
(Kpt—Ks) (Ks—Kkg) (Kps—Kg)
BZ(‘U) stkRkbs
(Kps—K¢) (K —Kg) (Kps—Kg)

( BZ( (0) FsskRkbs
(kbs_ ks)(ks_ kR) ( kbs_ kR)

S(t,w)= Bl(w)eth—l—(

+

+

) {(Kps—ks)e™*R'+ (ks—kg)e Mo+ (kps—kg)e ™'},

>{(kbf_ ke e R+ (ki—Kkg)e ottt (ky— kg)e 11}
){(kbf_ kg)e KR4 (kg—kg)e 0T+ (ky;— kg)e Kt}

) {(kps— k)& r'+ (kf—Kg)e ™ os' + (Kps— kp) e 1}

)

where kg is the rate of excited state decay. The kineticFrom the fit, we obtain the rate constants for the two rates of

modef contains two rate constants for hydrogen bond breakhydrogen

ing, a component for those that break fdsf;, and a com-
ponent for those that break sloly,. Hydrogen bond refor-
mation was found to occur with two rates as wWedpme that
recombine quickly with raté;, and some that recombine
slowly with rateks. The relative yields of the populations
that break and reform hydrogen bonds quicklyFis ; those
that break quickly and reform slowly 5;4; those that break
slowly and reform quickly id=¢; and those that break and

bond breaking, ky;=(1/200fs) and ks
=(1/2.5 ps). The two rate constants for hydrogen bond ref-
ormation obtained from the fit werk;=(1/7 ps) andkg
=(1/20 ps). The relative yields of hydrogen bonds that
break and reform quickly, break quickly and reform slowly,
break slowly and reform quickly, and break slowly and re-
form slowly are 5, 2.5, 1, and 7, respectively. These results
are in quantitative agreement with results obtained previ-
ously for MeOD using one-dimensional pump—probe

reform slowly isF.s. The fit to each spectrum is a linear spectroscop§.The earlier experiments did not monitor the
combination of the two basis function spectra, which areappearance and disappearance of the photoprogibeand.
weighted according to the time dependence determined fror@euteration of the methyl group would be expected to have

the kinetic model. The first basis functid@y (w) describes

little impact on the dynamics other than the change in the

the frequency and time dependence of the excited state anibrational lifetime(discussed aboye

decays with the excited state lifetime, as indicated by the first

term in Eq.(2). The second basis functidB,(w) grows in

Our model’s ability to quantitatively fit the pump—probe
data using only one basis function to describe the preserved

with two rates corresponding to hydrogen bond breaking and and photoproducty spectra at all timest, is the most
then decays with two rates corresponding to hydrogen bondignificant result of the global fitting procedure. Comparison
reformation. These dynamics are represented by the last fowf the two basis functions used to fit the ddtee Fig. 4

terms in Eq.(2).
Comparison of Figs. @ and 2Zb) demonstrates the

indicates the spectrum of the preserv@tand is shifted to
the red compared with the initially excited band. Under-

guantitative agreement between the fit and the pump—prob&tanding the origin of this shift provides insight into the
spectra. At the earliedt delays, the global fit describes the mechanism of hydrogen bond evolution and the coupling
excited state lifetime decay &k=(1/0.8 ps), as seen in the between the vibrational modes involved in the hydrogen
decay of the negative going 1-2 excited state absorptiorbonded network.

The gradual collapse and redshift of the positive going fea- We have been discussing the results in terms of hydro-
tures in the first few ps is accurately reproduced by the glogen bond breaking on the red side of théleOD line (the

bal fit, even though only two spectra are used as basis funstrongest hydrogen bondand the formation of the photo-
tions. The growth of the preservedi and photoproducty  product, which at first glance appears counterintuitive. Actu-
spectra, which reach maxima 4 ps, is reproduced as ally, several possible models describing the hydrogen bond
well. This behavior has been observed previously to resulpopulation dynamics can explain the observed spectral fea-
from two time scales of hydrogen bond breakfBinally,  tures in the pump—probe spectra. In the following discussion,
the decay of the preservetland photoproduct spectra at we use the results of vibrational echo correlation spectros-
longt due to hydrogen bond reformation on two time scalescopy to unambiguously demonstrate tiiaMeOD’s on the

is reproduced. The noise that appears in the simuldBer red side of thes band selectively break hydrogen bonds,
Fig. 2(b)] arises because experimental pump—probe spectrahich generates photoprodugtabsorbers that are shifted to
were used to describe the frequency dependence in the simhigher frequency(Model 4, the red-breaking model de-
lation. The pump—probe spectra are displayed in Fig. 4scribed below. We also demonstrate that these conclusions
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lation spectra contain information that cannot be extracted
from the pump—probe spectra or from linear absorption spec-

LB

T,=1256 I I"

2600 e troscopy. With the additional information contained because
04 of the w, axis and detailed calculations, we are able to un-

e 0.2 ambiguously determine that the red side of theand pref-

= 2500 di erentially breaks hydrogen bonds.

> é Figure 5 is a contour plot of the 2D correlation spectrum

E 2 of 10 mol% MeOD in CCJ with T,=125fs. For T,

8 2400 >75fs, nonresonant contributions to the signal are negli-
gible. The data have been normalized to the maximum posi-
tive signal. The contours represent equal 10% graduations.

2300 Correlation spectra were obtained for both MeOD and
2 S = T -1 d-MeOD. Other than the differences in the vibrational life-

1 times, the correlation spectra of the two species display the
@, cm identical time dependent features and trends. The data for
FIG. 5. (Color) The simulated vibrational echo correlation spectrum for MeOD will be presented because more extensive data were
TW=' 12.5 fs. The positive going band arises from the 0-1 trgnsition. Thetaken' The pOSIt!V_e going band on _the dlagor_]al c_:orresponds
negative going band arises from the 12 transition. The red edge of thf0 the 0—1 transition of thé band with a contribution from
positive going band has contributions from a Fermi resonance with th¢he 0—1y band on the blue end. The red end of the positive
overtone of the methyl rocking mode. going 0—1 band is wider and has a different shape than the
rest of the band because of contributions from the Fermi
resonancésee Fig. 1% The center frequencies of tléandy
0-1 transitions are indicated by horizontal and vertical lines
in Figs. 5 and 6. The negative going off-diagonal band arises
from the 1-2 transition of thé band. The 1-2 band is off
diagonal because it is described by a three level rephasing
In correlation spectroscopy, the population and vibra-diagram. The first interaction with the field produces a 0—-1
tional dephasing dynamics are measured in two frequencgoherence that dephases at the 0—1 transition frequency. The
dimensionsw,,, andw . The positions and signs of peaks in second interaction yields a population in thre=1 level,
the correlation spectra display the history of the various spewhile the third interaction produces a 1-2 coherence that
cies involved in the hydrogen bonding dynamics. The correrephases and emits the vibrational echo pulse at the 1-2

cannot be drawn from the broad-band IR pump—probe re
sults presented above.

B. Correlation spectra
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transition frequency, which is shifted to the red by the anhartive going peak. The observed collapse of the band to the red
monicity (~100 cm ).%” It should be noted that the shape is not influenced by the presence of the Fermi resonance. The
of the § 1-2 transition is distorted on the red edge becauséentical behavior was observeddaMeOD, which does not
the laser spectrum falls off rapidly at lower frequency. Con-have the Fermi resonance.
sequently, it does not appear elongated along the diagonal The T,, dependence of the correlation spectra raises a
like the 0—1 transition. Thes 1-2 transition is not resolved number of questions: First, why is there a signal for times
in the correlation spectrum because it is obscured by théong compared to the vibrational lifetime? Although we ob-
much largeré 0—1 peak. Similar to thed 1-2 peak, the served the same behavior in the pump—probe spectra, we did
pathway leading to ther 1-2 peak dephases on theD—1  not discuss the origin. The peaks in the correlation spectra
transition and rephases on thel-2 transition, making the correspond to different radiation-system quantum pathways
peak off-diagonal. The negative goingl—2 peak lies in the that can be represented diagrammatic&lifter the second
middle of the positive going 0—1 peak along the,, axis  interaction with the fieldafter the second pulséwo path-
because of its~100 cm ! anharmonicity’’ As discussed Wways contribute to thes and y 0—-1 peaks. One pathway
above, the amplitude of the transitions are~20 times proceeds through the excited state while another pathway
smaller than the correspondiransitions. Although they  proceeds through the ground state during the population pe-
1-2 peak is not resolved, the correlation spectrum indicategod. In a pump—probe experiment, these pathways corre-
its presence by the asymmetry of th®—1 peak around the spond to stimulated emission and ground state bleach seen
diagonal. The presence of the negative goind—2 peak by the probe, respectively. The decay of the excited state
narrows the width of the positive going 0—1 peak on its pathway into the ground state pathway causes the signal to
lower right side. The upper left side is not narrowed by over-decay with the excited state lifetime. However, detailed ex-
lap with they 1—2 peak and so appears broader. perimental studie€ demonstrate that following vibrational
Figure 6, a|ong with F|g 5, shows five contour p|ots at relaxation,~20% of the Inltla”y excited's break hydrogen
Tw=125fs, 450 fs, 1.2 ps, 1.8 ps, and 5.0 ps for MeOD. Thebonds on a very short time scale-00 fs). Breaking a hy-
data have been normalized to the maximum positive signafdrogen bond attached toéremoves it as & absorber. The
The contours represent equal 10% graduations. At 125 fgroken bond eliminates tw@'s and creates a& and ap.
(Fig. 5), the spectrum is dominated by the 0—1 bapdsi- Thus, the ground state is not completely filled following
tive) and the 1-2 bandnegative. In the 450 fs plot, the complete relaxation of the excited state. This leaves some
negative going 1-2 band is less intense, and the 0—1 band &nplitude in the ground state pathway, although the excited
beginning to change shape. The vibrational lifetime of theState pathway has decayed completely.
OD stretch is~0.5 ps, although there is some wavelength A néw quantum pathway is generated when a hydrogen
dependence to the lifetinfeBy T,,= 450 fs, a good fraction bond breaks. When & excited state relaxes and breaks a
of the initially produced excited state population has decayedydrogen bond, the photoprodugts in the ground state of
to the ground state. Therefore, by the time of the third pulset,he hydroxyl stretch. The third interaction with the field turns
the contribution to the signal from the pathwégiagram  Poth the preserved ground state and the newly formed
that gives rise to the 1-2 band is reduced. By=1.2 ps, photoproduct into 0—1 coherences. The signals are e_mltted at
the correlation spectrum has changed dramatically. The 1-8'€ preserved 0—1 and at the photoprodugt0—1 transition
off-diagonal peak is almost gone, and the diagofdiand frequencies. Because the pre;ef\&ground state and the
has clearly changed shape, contracting to the red along ﬂfgwotoproducty are spectrally d|st|npt, they can be detected
o, axis. A small peak on the blue end of the diagonal 0_1|ndependently,. as demon.strated in Figs. 5 and 6. Thege
band has also been uncovered. As #sand contracts to the gro_und .state S|gnal_s remain for the hydrogen bond recombi-
red, the remnants of thg band are uncovered because the Nation time, which is tens of ps’
band has a longer lifetime of 1 ps. They 1-2 peak is still , .
not visible even though its 0—1 transition has been uncovered- Hydrogen bond breaking mechanism
because, as we will demonstrate, only the blue side ofthe The second question raised by thg dependence of the
0-1 peak decays completely with the lifetime. The red sidecorrelation spectra is, why does thdéand shift to the red as
is preserved through hydrogen bond breaking. Consequently,, becomes longer than the vibrational lifetime? Under-
the preserved positive goind0—1 peak continues to obscure standing the origin of this shift provides insight into the
the negativey 1-2 peak. A new off-diagonal negative going mechanism of hydrogen bond evolution and the coupling
peak appears located above thieand. In the 1.8 ps plot, the between the vibrational modes involved in the hydrogen
1-2 peak is gone and the positive going diagopgleak is  bonded network. To address this question, we have per-
almost gone. The diagonal band has contracted further to formed detailed calculations to model the correlation spectra,
the red, and it has moved somewhat off of the diagonal. Théhereby allowing us to quantitatively test four models of hy-
shift of the position off of the diagonal is progressive;Tlgs  drogen bond population dynamics. The detailed calculations
increases, thé band contracts and shifts off of the diagonal. demonstrate that three of the four models can reproduce the
By 1.8 ps, the contraction is quite pronounced. The newpump—probe spectra presented above, and so cannot be dis-
off-diagonal negative peak located above thédand has tinguished on that basis. However, the detailed calculations
grown considerably in magnitude. Fo,=5 ps, the diago- demonstrate the models can be unambiguously distinguished
nal y band is gone. The only remaining features are dhe using vibrational echo correlation spectroscopy. The four
band that is contracted to the red and the off-diagonal neganodels are described briefly below:
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Model 1: Both § and y speciesbreak hydrogen bonds.
Model 2: Both § and y species hydrogen bondseaken
Model 3: Only §s hydrogen bondsveaken

Model 4: Hydrogen bonddreak selectively only on the low frequency side of th® band.

We discussed the pump-—probe results in terms of @&xperimental data. Panét) displays the projection of the
model in whichs§ MeODs on the red side of the line selec- best fit onto thew,, axis calculated by integrating over the
tively break hydrogen bonds and form thephotoproduct. w, axis [see Eq.(A1.4)] compared with the experimental
Hydrogen bond weakening would occur by deposition of vi-data projected onto the same at@gjuivalent of the pump—
brational energyheaj into an oligomer, which would make probe spectrum af,,= 125 fs). Note that the, axis is the
a hydrogen bond longer on average, that is, weaken it. Modvertical axis in the one-dimensional frequency plot. Clearly,
els 1-3 assume th&and y bleach features are described by the fully constrained best fit is an accurate description of the
their equilibrium frequencies and widths, as measured byl,,=125fs correlation spectrum and pump-probe experi-
FTIR spectroscopy of the sampleee Fig. 1L Thus, these mental data.
models assume no frequency dependence to the hydrogen The correlation spectrum calculated from Model 1 is dis-
bond breaking or weakening that follows vibrational energyplayed in Fig. 8. TheT,,=5.0 ps experimental data is dis-
relaxation. Model 1 assumes the prodyds also defined by played in pane(a) for comparison with the calculated corre-
its corresponding equilibrium frequency and widffom the  lation spectrum displayed in panéb). For simplicity, we
FTIR spectrum Models 2 and 3 allow the product to have have assumed the spectral diffusion dynamics are complete,
an arbitrary frequency shifthydrogen bond weakening causing the peaks to have equal diagonal and antidiagonal
Model 4 assumes only a portion of tléeband is preserved widths. In fact, the spectral diffusion is virtually complete as
through hydrogen bond breaking. Hence, the preservedetermined by measurements at longgfs. The assump-
bleach and product peaks have different spectra tha@d thie tion does not change the quality of the fit. The predicted
v bands observed in the FTIR spectrum. Model 4 is the redpump—probe spectrum calculated from Model 1 using Eq.
breaking model. We quantitatively compare the four modelgA1.4) is displayed in panelc). The correlation spectra cal-
to the correlation spectra by modeling them as the sum ofulated from Models 2—4 are displayed in Fig. 9, parials
overlapping two-dimensional Gaussian peak shapes. For @), and(e), respectively. Thel,=5.0 ps experimental cor-
detailed explanation of the fitting procedure, see Appendixelation spectrum is displayed for comparison in paiakl
A. The data and fits displayed in Figs. 8 and 9 have been nor-

The first step is to simulate thg,=125 fs correlation malized to the peak of the positive signal. The contours dis-
spectrum, the spectrum prior to hydrogen bond breaking. Tplay equal 10% graduations. The right-hand column of one-
simulate theT,, =125 fs correlation spectrum, we included dimensional frequency plots displays the projection of the
seven peaks as follows: the 0—1 and 1-2 transitions ofthe experimental data compared with the projections calculated
band, the 0—1 and 1-2 transitions of thdand, the Fermi from Model 3[panel(c)] and from Model 4panel(f)]. Note
resonance peak and the two cross peaks between the Ferthat thew,, axis is the vertical axis in the one-dimensional
resonance and th&band. In the subsequent calculations offrequency plots displayed in Figs. 8 and 9. The horizontal
the T,,=5.0 ps correlation spectrum, the 1-2 transitions ofaxis displays the peak intensity integrated over d¢heaxis.
the 5§ andy bands do not occur in the fit because excited stat@he R? values displayed in the lower left corner of the two-
relaxation completely depletes the excited states of both spelimensional spectra are calculated using &.3). These
cies by thisT,, delay. The fitting procedure employs two numbers evaluate the accuracy with which each calculated
complimentary experiments to further constrain the fit, thecorrelation spectrum reproduces thg=>5.0 ps data.
linear absorption spectrurtsee Fig. 1 and the IR pump— We now discuss the results of using the modeling proce-
probe spectrésee Figs. 2 and)4 dure described above and in Appendix A to determine which

Many of the parameters used to describe the two-of the four models best describes the experimental data. For
dimensional peaks in thE,=5.0 ps correlation spectrum are a detailed discussion of the parameters used for each model,
set by fitting theT,,= 125 fs correlation spectrum. Therefore, see Appendix B. We first consider Model 1, bofhand y
we display the best fit to th€, = 125 fs correlation spectrum speciesbreakhydrogen bondssee Fig. 8 When ad breaks
in Fig. 7. The experimental data collectedTgf=125 fs are a hydrogen bond, & and ag are produced, and wheny
displayed in panela for comparison with the calculated breaks a hydrogen bond, anis produced. The model is
correlation spectrum displayed in parib). The data and fit similar to the early hydrogen bond predissociation
have been normalized to the maximum positive signal. Thenechanisnt*=2"**The central premise of this model sug-
contours display equal 10% graduations. In this calculationgests the very intuitive idea that tig,=5.0 ps experimental
all the linewidths and positions were fixed to their valuescorrelation spectrum can be reproduced by an appropriate
obtained from fitting the linear spectrum. TIR® value of summation of two-dimensional Gaussian peaks whose
0.18 [see Eq.(Al1.3)] indicates a very accurate fit to the shapes are described by the equilibrivhand y bands, as
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FIG. 7. (Color) Comparison of theT,,=125 fs experimental correlation spectrympanel (a)] with the calculated correlation spectrum using the two-
dimensional Gaussian modgdanel (b)]. The contours display equal 10% graduations of the normalized data. Ramisplays the comparison of the
projection onto thew, axis of the calculated spectrum to the experimental data. Note thai {feequency axis is the vertical axis in the one-dimensional
plot. The horizontal axis displays the peak amplitude integrated oven ffexis. The fit accurately reproduces the data. Many of the parameters used to fit
the T,,=5.0 ps correlation spectrum are obtained from this fit. See text for details.

determined from the linear absorption spectrum. Note thapeak is substantially shifted away from the experimentally

the equilibrium 6 and y bands described well thd,,
=125 fs experimental correlation spectrysee Fig. 7. By

observed frequency. Even the pump—probe spectrum can
show that Model 1 is not correct. Though this model is very

inspection, it is obvious that this assumption results in a poomtuitive, it cannot adequately describe the data.
representation of the experimental data. For comparison, we Next, we consider Models 2 and 3. Refer to Appendix B
indicate theR? value of the calculated correlation spectrum for a detailed assignment of band positions and widths in

[R? for Model 1=49, see Eq(A1.3)], which contrasts with

these models. These models are very similar, with the excep-

the typical best-fit values 0£0.2. The discrepancies are not tion that in Model 2, bothd's and y's weaken hydrogen
only obvious in the correlation spectrum, but also in the cal-bonds, while in Model 3 onlyy's weaken hydrogen bonds.

culated pump—probe spectrum compared with the fizea
Fig. 8, panel(c)]. Model 1 predicts they product, which

Although there is no physical basis for Model 3, we consider
it because it produces a correlation spectrum which qualita-

forms when aé breaks a hydrogen bond, should appear atively looks like the data. When a band undergoes weaken-

(0, =2600cm?!, w,=2490cm?'). The negative going
product signal above th&band in theT,,=5.0 ps correlation
spectrum appears atwf,~2560 cni?, 2490 cmil). This
peak is redshifted a full half-width of the equilibriugnpeak
away from its equilibrium frequency along the,, axis. In
addition, the central frequency of the preservédleach

ing, the entire band is weakened. In other woréland/ory
MeOD’s weaken hydrogen bonds uniformly across their re-
spective bands. Consequently, the preserved ground state
bleaches appear with their equilibrium positions and widths
(determined from the linear spectrurithere is no frequency
dependence to the probability of weakening a hydrogen

50ps - - (a) Modell (b) Projection (c)
2600 B, . e ]
Ezsuu = . '.
B
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23["] R = 49 " 1 " 1 " | a 'l
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FIG. 8. (Color) Contour plots of the experiment&|,=5.0 ps correlation spectrum, parie), compared with the calculated correlation spectrum from Model

1, panel(b). The contours display equal 10% graduations of the normalized data. The projection of the calculated correlation spectrum compared to the data
is displayed in panelc). Note that thew,, frequency axis is the vertical axis in parie]. The horizontal axis displays the peak amplitude integrated over the

w, axis. Model 1 does not accurately describe the experimental data.
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FIG. 9. (Color) Contour plots of calculated correlation spectra from Models 2—4 displayed in péel&), and (e), respectively. TheT,,=5.0 ps
experimental correlation spectrum is displayed in paigelfor comparison. The contours display equal 10% graduations of the normalized data. The
projections of the Models 3 and 4 are compared to the experimental data in the one-dimensional frequency plots) padéls respectively. Note that the

w, frequency axis is the vertical axis in the one-dimensional plot. The horizontal axis displays the peak amplitude integratedvo\etish®lodel 4, the
red-breaking hydrogen bond model, provides a much more accurate fit to the data than either Models 2 or 3, the hydrogen bond weakening models. In
addition, the fitting parameters from Model 4 are physically meaningful, unlike Models 2 or 3. See text for details.

bond. Weakening a hydrogen bond moves the hydroxyl With full spectral diffusion, qualitatively good agree-
stretch to higher frequencyto the blug. Therefore, the ment between calculations based on Models 2 and 3 and the
“photoproducts” are moved to the blue. In this respect, Mod-experimental correlation spectra is obtairf&dy. 9, panels

els 2 and 3 are the same as Model 1. The difference betwegn) and (b)]. Model 2 predicts that a positive shoulder ap-
these models comes in the frequency shift of the photoprodsears at the upper right of the preserv@tleach peak be-
uct. By assuming that hydrogen bonds weaken rather thagause they bleach is preserved by hydrogen bond weaken-
break, we allow arbitrary adjustment of the position of theing, R?=1.1. This shoulder does not appear in the data.
product peak along the, axis. The product peak is taken to Model 3 does not predict this shoulder because only&he
have identical width characteristics as the weakened groungand has weakened hydrogen bon@é=1.1. The pump-
state. The shift due to weakening of the hydrogen bondsyrohe spectra corresponding to Models 2 and 3 are indistin-
Ay, is defined as the splitting between the preserded gyishable as welithe pump—probe spectrum of Model 2 is
bleach,wp, 5, and the product peakm,p, not shown. Although Models 2 and 3 cannot be discrimi-
nated either by theiR? values or by their pump—probe spec-
tra, they can be distinguished by their two-dimensional cor-
The magnitude of\,, describes the perturbation of the hy- relation spectra peak shapes. Therefore, Model 3 describes
droxyl stretch frequency that results from weakening the hythe experimental data more accurately than Model 2.

szwm,p_wm,ﬁ- (3)

drogen bonds associated with it. In addition to the shapes of the correlation spectra, there
Measurements of spectral diffusion show that it is al-aré amplitudes. The ratio of the amplitude of tfig,
most, but not quite complete bly,=5.0 ps. For simplicity, =125 fs experimental correlation spectrum to ig="5 ps

we take the spectral diffusion to be complete. If we assumé&xperimental correlation spectrum is well defined. The cal-
the opposite limit of virtually no spectral diffusion, the best culated correlation spectra should have approximately the
fit to the correlation spectrum is podiThe R? values[see same amplitude in addition to the same shape as the experi-
Eq. (A1.3)] for little spectral diffusion of Models 2 and 3 are mental data. Although the correlation spectrum calculated
~14 and~8, respectively. Typical best fit values Bf are  from Model 3 does a reasonable job of describing the shape
<0.2) of the experimental daticompare panelgb) and (d)], the



12992  J. Chem. Phys., Vol. 119, No. 24, 22 December 2003 Asbury et al.

TABLE I. Summary of fitting parameters from calculation of correlation spectra.

Model (NO)  wps(cm™)  w.s(cm) A, (cml)  FWHM,(cmY) AL A, R?

Red break(4) 2430 2480 130 130 032 02 013
Weaken(2-3) 2490 2490 8 150 >42 >4% =11
Break (1) 2490 2490 100 150 0.82 0.3 49

Fitting parameter.
PAmplitude relative to fit of 125 fs correlation spectrum.

parameters required to force the model to reproduce the neexperimental data much more accurately than Models 1-3
essary amplitude are not physically meaningful. The fittingresults from the fact that we allowed the position of the pre-
parameters are summarized in Table |. Every fitting paramserveds bleach to move in thed,,,»,) plane in the fit. The
eter not listed in Table | was fixed from the fit of tHg,  important point is that the preservédbleachcannotbe de-
=125 fs correlation spectrum. In order to force the groundscribed by the equilibriun®d band. The data indicates only
state bleach and product peaks to appear near the frequenctes low frequency side of thé band is preserved through
observed in the experimental data, a shift due to hydrogehydrogen bond breaking.
bond weakening),,, of only 5 cni ! is required. The peaks Model 4 also comes close to the correct amplitude for
overlap severely because they are so wide (FWHMhe T,,=5 ps correlation spectrum in contrast to Models 2
=150 cm ! along bothw,, andw ., a characteristic enforced and 3. The Model 4 calculations give a presendddleach of
by the linear spectruin Therefore, they almost completely ~60% of the initial T,,=125 fs bleach, which indicates
cancel. Consequentli¥lodel 3 requires the amplitude of the ~60% of the methanol molecules that were excited broke a
preserveds band peakAg, at T,,=5.0 psto be 4.4 times hydrogen bond. Independent experiments studying hydrogen
larger than its initial value at J,=125 fs,which implies that bond population dynamics in MeOD oligomers found that
the preserved bleach must be 8.8 times larger than its initiaP0% of the hydrogen bonds are broken-200 fs and then
value. The amplitude of the product pe#k,, is also >4 another~20% break on a slower time scale 6f2 ps>®
times larger than the initial amplitude of th& band Only  Extension of these experiments to this model predicts the
the preserved bleach contributes to the 0-1 signal,at preserved bleach at,=5.0 ps should be-40% of the ini-
=5.0 ps because vibrational relaxation depletes the excitetilal bleach (~20% of the initial 0—1 signal The magnitude
state. If every methanol that was excited broke a hydrogeof preserved bleach predicted by Model 4 is in reasonable
bond, the 0—1 peak would be no more than half its initialagreement with these experiments. If the fact that spectral
magnitude. If we force the amplitude of the 0—1 and producdiffusion is not strictly complete a,=5 ps were taken into
peaks to be more reasonable, say half their initial magnitudegccount in the model, the agreement would probably be sig-
the product peak must be shifted100 cmi to have the nificantly better. Nonetheless, Model 4 produces the correct
proper amplitude of the calculated correlation spectrum. Thigorrelation spectrum amplitude for physically reasonable pa-
shift is so large that the calculated correlation spectrum looksameters and a much better description of the shapes and
the same as that predicted by Modelske Fig. 8 which  peak positions than the other models.
does not describe the data. We conclude that Model 3 cannot Maodel 4 yields a frequency shift of the product peak of
describe the hydrogen bond population dynamics displayed- 130 cm 1. This shift demonstrates that we observe selec-
in the correlation spectra. It should be noted that Model Zive hydrogen bondbreaking on the red side of the band
predicts even less reasonable fitting parameters. According tather than selective hydrogen bond weakening. When a
Model 2, the amplitude of the preserved bleach is 10.2 timesonomer becomes a hydrogen bond donor, its average fre-
the original bleach. quency redshifts-100 cm . When a hydrogen bond donor
Finally, we consider Model 4, hydrogen boroieakse-  accepts an additional hydrogen bond, its average frequency
lectively only on the low frequency side of thitband. See redshifts an additionat-100 cni' 1. By extension, the blue-
Appendix B for a detailed description of the fit. Model 4 shift of ~130 cm ! predicted by Model 4 suggests a strong
differs from Models 1-3 in that we relax the constraint thathydrogen bond has broken.
the preserved bleach must be described by the equilibrium There is general agreement in the literature that the red
width and position of thes band. Lifting this constraint is side of the hydroxyl stretch of a hydrogen bonding liquid
tantamount to allowing a portion of th&band to selectively corresponds to stronger hydrogen bohdfs!6:19:39:4042.44
break hydrogen bonds, which is the essence of the redsery strong evidence for the correlation between the hy-
breaking model. The correlation spectrum calculated frondroxyl stretch frequency and the hydrogen bond strength in
Model 4 is displayed in pandk) of Fig. 9. TheR? value, solids is obtained from correlating crystallographic data and
calculated from Eq(A1.3), is ~8 times smaller than thR?>  spectroscopic datd. From the crystallographic data, the
value calculated from either Models 2 or 3, indicating thatlength of the hydrogen bond can be determined. A shorter
Model 4 is a much more precise description of thg  length corresponds to a stronger bond. Observations on a
=5.0 ps experimental correlation spectrum. The projectiodarge number of compounds show that as the bond shortens,
of the calculated correlation spectrum from Model 4, dis-the hydroxyl stretch frequency shifts to the red. The fact that
played in panelf), agrees much more closely with the datathe crystallographic/spectroscopic relationship also applies to
than do Models 1-3. The ability of Model 4 to describe theliquids follows from three observations about the hydroxyl
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stretch of hydrogen bonded liquids, such as water and alcand blue sides of the hydroxyl stretching band in OH
hols. First, molecules that form stronger hydrogen bonds dismethanof* Excitation on the red side led to vibrational re-
play larger redshifts in their hydroxyl stretch than moleculeslaxation that produced substantially more relative population
that form weak hydrogen bonds“°Second, the hydroxyl of hydroxyl bends compared to excitation on the blue side
stretch band is inhomogeneously broadeh&d1H1929.2242  that put much more population into the CH bends and other
In a hydrogen bonding liquid, the lengths and strengths ofmodes* The hydroxyl bends would be expected to be
hydrogen bonds vary substantially, giving rise to the broadstrongly coupled to the hydrogen bond in contrast to CH
inhomogeneously broadened hydroxyl stretch band. Finallybends.
the hydroxyl stretch frequency of watéhe prototypical hy- Further support for different relaxation pathways for the
drogen bonded liquidvaries continuously from its low tem- red and blue sides of the hydroxyl stretch come from a study
perature, icelike spectrurflarge redshift, strong hydrogen of vibrational relaxation of the OH stretch of HOD in liquid
bonds to its high temperature vaporlike spectrgsmall red-  D,0.% It has been shown that the modes that are excited
shift, weak hydrogen bonglsvhen the temperature is varied following VER depend on the energy of the OH stretch, that
from the freezing to boiling point¥: Falk and Ford con- is, its position in the inhomogeneously broadened hydroxyl
cluded that hydrogen bonds varied continuously in strengtistretch band® The above considerations suggest the follow-
rather than having a fixed strength. ing. The pathways for VER depend on the frequency of the
In terms of the correlation between the hydrogen bonchydroxyl stretch, and therefore, the strengths of the hydrogen
strength and hydroxyl stretch frequency, we consider théonds. On the red side of the line, the pathways are different
~130 cm'! shift. If the frequency shift from forming an from those on the blue side of the line. The pathways on the
average strength hydrogen bond44.00 cmi 2, then the fre-  red side of the line lead to population of intramolecular and
quency shift from breaking a strong hydrogen bond might béntermolecular modes that are effective at hydrogen bond
expected to be-100 cm *. The frequency shift of the prod- breaking, while the blue side pathways populate modes that
uct peak is fully consistent with preferentially breaking theare not effective.
strongest hydrogen bonds in tédand following vibrational Using vibrational echo correlation spectroscopy, we have
energy relaxation of the hydroxyl stretch. elucidated the complicated hydrogen bond population dy-
In the above analysis, we assumed the spectral diffusioR@mics in MeOD oligomers with great detail and demon-
dynamics are complete, which simplified the models. Whilestrated vibrational echo correlation spectroscopy as a new
much of the spectral diffusion has occurred by 5 ps, the?robe of hydrogen bond dynamics. In some, but not all situ-
dynamics are not yet complete. The assumption of Completétions’ information obtained by vibrational echo correlation
spectral diffusion at 5 ps does not change the analysis préP€ctroscopy can also be obtained using frequency resolved
sented here. As we will report in a forthcoming publicatfdn, PUmp-probe experimenfsModel 4 was selected over
we find a significant slow component to the dynamics thafModel 3 because of Model 3's unrealistic prediction of the
extends into the tens of ps time scale, which we assign t§MPplitude of the ground state bleach at long time. In the
thermal equilibration within the oligomefé. As thermal SPecific case of these two models, the unrealistic amplitude
equilibration occurs, memory of the hydrogen bond strength®rédicted by Model 3 would also be apparent by fitting the
is erased and the oligomers reach their thermal distributiorsPectrally resolved pump—probe data. However, spectrally
However, on shorter time scales, the memory of the hydrof€S0lved pump—probe experiments do not provide the same
gen bond strengths has not been erased, which permits us iformation as correlation spectroscopy in a}l situations. For
observe breaking of the strongest hydrogen bonds. exa_mple, quels 2 and 3.couId only be distinguished on the
Breaking of the strongest hydrogen bonds is at first surP@sis of their two-dimensional peak shapes. In general, the
prising. Hydrogen bond breaking follows vibrational energy €X{ra frequency dimensionu(;, horizontal axis greatly en-
relaxation(VER). The details of which low frequency modes N@nces sensitivity to intricate population dynamissch as
will be involved in VER depend on the initial excitation 10S€ observed in MeODas well as revealing spectral dif-
energy and the modes that are available to receive th&!Sion dynamics within those populations. Spectral diffusion
energy®® VER into intramolecular modes dominates the hy_dyna_mlcs can in principle be obtameql using transient hole
droxyl stretch relaxation pathway in methanol andPurmning(THB) spectroscopy. Indeed, vibrational echo corre-
water?>275* For example, Iwaki and Dlott excited the hy- lation spgct_ro;copy is like THRvithout t_he time ba_ndW|dt_h
droxyl stretch of methanol and, within their time resolution product I|m|ta_t|pp However, the combmgd ber!eflts of in-
of ~1 ps, observed excitation of every bending mode in the(:.reased sensitivity affordgd by the two-dimensional absor.p-
molecule®* tive peak shapes, the ability to measure the global dynamics
Preferential breaking of the strongest hydrogen bond t all applicable freq'uencies, and the ability to avqid the time
can occur if vibrational relaxation on the low energy side ofo2ndwidth product inherent to THB make vibrational echo

the line populates different modes than vibrational reIaxatior?orrel"’lt'on spectroscopy a powerful new probe of structure

on the high energy side of the line, and the modes populatef(‘zjnd dynamics.

through the lower energy relaxation pathway are more effec-
tive at breaking hydrogen bonds. Significant support for dif—'v' CONCLUDING REMARKS

ferent relaxation pathways comes from the IR pump/Raman  The results of vibrational echo correlation spectroscopy
probe experiments of lwaki and Dlott, who observed that thewith full phase information have been used to examine as-
pathway for vibrational relaxation was different on the redpects of the hydrogen bond dynamics of methanol-OD in
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CCl,. By using extremely short pulses<60 fs), it is pos-

sible to excite the entire very broad hydroxyl-stretching band S(wm '“’T):S'-(“’m)zi [Ai exp(—(cog 6)(wm— wm,)

including the 1-2 transition. Vibrational echo correlation

spectroscopy combined with detailed calculations make it +sin(0)(w,~ ,)%205 ;)

possible to explicate the population dynamics of hydrogen .

bond evolution with considerable clarity and detail. X exp( = (SIn(6) (@m, ~ om)
At short time, the correlation spectrutsee Fig. % is +cog 9)(w7_wﬂ))2/2g§i)]_ (A1.D)

dominated by the hydrogen bonded OD stretch 0—1 transi- ’

tion (positive going peakand the 1-2 transitiofnegative = The combined spectrum of the first two laser pulses,

going peak However, the stimulated vibrational echo signal S (w,,), influences the correlation spectrum along thg

can be observed for times long compared to the vibrationaxis. This influence is accounted for by multiplication of the

lifetime (~500fs) because of the breaking of hydrogencalculated correlation spectrum by the laser spectrum,

bonds. AsT,, is increased to the time scale of and beyond thes, (w,,). The summation is over all two-dimensional peaks

vibrational lifetime, the broad diagona band contracts to that contribute to the correlation spectrum. The parameters

the red side of the line and shifts off of the diagonal. As theA; describe the amplitudes of the two-dimensional peaks.

hydrogen bonds break, the off-diagonal photoprodupeak  The terms including the anglé reflect a 45° coordinate

grows in. transformation from the ¢,,,w,) plane to the {g4,w,)
Detailed calculations used to model the experimentaplane (the plane constructed from the diagonal and antidi-

correlation spectra demonstrate that the hydroxyls with abagonal axes This transformation allows the diagonally elon-

sorption on the red side of thé band (strong hydrogen gated peak shapes to be described by a simple two-

bondg selectively break hydrogen bonds following vibra- dimensional Gaussian function. The positiang; and w., ;

tional energy relaxation. The preserved ground state on theeflect the position of théth peak in the {,,,®,) plane. The

red side of thes band in theT,,=5.0 ps correlation spectrum widths of the peaks along the diagonal and antidiagonal are

can only be described by a model in which the red side of theepresented by ; ando, ;, respectively. The diagonal and

band selectively breaks hydrogen bonds while the blue sidantidiagonal widths for théth peak are constrained to pro-

does not. It is proposed that the strong hydrogen bdrets  duce a total linewidth equal to the corresponding linear line-

side of the hydroxyl stretch baphdre selectively broken be- width, FWHM,, which we obtain by fitting the FTIR spec-

cause the low frequency modes that are excited by vibratrum of the samplésee Fig. 1 The constraint is enforced in

tional energy relaxation of the hydroxyl stretch differ from the fitting procedure by the following relationship between

those that are excited by VER of the higher frequency hywy;, o,;, and FWHM:

droxyl stretchegweaker hydrogen bongls
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Consequently, this highly constrained model was not used to
fit this peak. The full width at half maximum of the Fermi
resonance and its cross peaks with steand are determined
from a best fit to theT,,= 125 fs correlation spectrursee

We quantitatively compare the four models of hydrogenFig. 7).
bond breaking to the correlation spectra by modeling them as The best fits to the correlation spectra are obtained by
the sum of overlapping two-dimensional Gaussian peakninimizing the integral over the square of the residual vol-
shapes having the following form: ume,

APPENDIX A: CORRELATION SPECTRUM
MODELING PROCEDURE

ff(SCOrr(wmawr)_SFit(wmywr))zabs (SCorr(wmawr))dwt dwn

R%=100x
JJabg Scor( 0 v“’r))g doidon,

(AL.3)
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resulting from subtracting the two-dimensional Gaussian fitAPPENDIX B: MODELS OF HYDROGEN
Sri(wm,,), from the experimental correlation spectrum, BOND DYNAMICS

Scor{@m,®-). The residual volume is weighted by the abso-  Thjs Appendix summarizes the detailed peak positions
lute magnitude amplitude of the correlation spectrum andyng widths used to model the two-dimensional correlation

normalized by the total volume raised to the appropriat&pectra. It is designed to complement the information pro-
power. This evaluation scheme emphasizes the peaks in thgjed in the main text.

correlation spectrum over the wings and the area containin?/I
no signal. Much of the area in the two-dimensional fre- odel 1

guency map contains no signal. Small amounts of noise in  Model 1 is similar to the hydrogen bond predissociation
these areas can grow to dominate the sum of the squares gfechanism that has been commonly invoked in the literature
the residuals due to the large area over which they are intgp explain the hydrogen bond population dynantftg’">%In
grated. This problem is avoided by weighting the residualghis model, we assume all species appear at their equilibrium
according to Eq(A1.3). frequencies and widths along both,, and », axes. There-
The fitting procedure uses two complementary experifore, the & bleach appears atwly, 5= 2490 cmt, @rp
ments to constrain the best fit of the two-dimensional corre=2490 cm!) and has a FWHN=150 cm * along both
lation spectra, the linear absorption spectrisee Fig. 1and  axes. They bleach appears atwf, ,= 2600 e, ®,
the IR pump—probe spectfaee Figs. 2 and)4The calcu-  =2600 cm*) with a FWHM,=80 cmi * along both axes.
lated two-dimensional fit is projected onto th'en axis by The photoproductfy peak appears at%'pz 2600 Cm*l,
integrating over thew, axis to calculate the pump—probe _ =2490 cmi!). We assume different FWHM for the two
spectrumSp(wy,), corresponding to the fit axes, FWHM, ,=80 cmi* and FWHM, ,=150 cni * be-
cause they product dephased as &(w, axis width but
emitted as a (w,, axis width. The productx species do not
appear in the spectral window. Thus all the frequency posi-
SP(“’m):f Sit(@m, @) do,. (AL4)  tions and widths are fixed by the linear spectrum in this
model. Only the amplitudes of the preserved bleach and
product peaks are adjusted in Model 1 to fit fhg=5.0 ps
The two-dimensional fit is constrained to reproduce the IRCOIelation spectrum and the pump-—probe spectrum. These
pump—probe spectrum when projected onto dheaxis. In ~ Parameters are summarized in Table I.
practice, the fit is compared to the projection of the experi-
mental correlation spectrum. The projection of the experi—'vlc’deIS 2and3
mental correlation spectrum very accurately reproduces its These models are the hydrogen bond weakening models.
corresponding IR pump—probe spectrum because the pumpAe assume when a band undergoes weakeningeitie2
probe spectrum is used as input to the phasing process in tiband is weakened. Consequently, the preserved ground state
analysis of the experimental correlation spectrum. Consebleaches appear with their equilibrium positions and widths,
guently, comparison of the fits with the projected experimensimilar to Model 1. However, the frequency shift of the prod-
tal correlation spectrum is no different than comparing to theauct peaks is allowed to vary in order to provide the best fit of
pump—probe spectrum. Finally, the two-dimensional Gaussthe data. The position of the product along tae axis is
ian peak positions and total widths are constrained to matcfixed. The bleach features are assigned the same frequencies
those obtained by fitting the FTIR spectrum of the sampleand widths as in Model 1. The product of the weakeded
Inhomogeneity in the hydroxyl stretch causes the two-appears atd,, s=2490+A,, cm 1, w, s=2490 cml) and
dimensional Gaussian peaks in tfig=125fs correlation the product of the weakeneg appears at ¢, ,=2600
spectrum to be elongated along the diagdsek Fig. 5. The  +A,, cm™ 1, o, ,=2600 cmb). [A, is defined by Eq(3),
widths along the diagonal and antidiagonal are related to theee main text.We describe the widths of the photoproduct
total linewidth according to Eq(Al.2). This constraint is distributions by their corresponding parent distributions. So,
used to fit theT, =125 fs correlation spectrum as well as the weakeneds photoproduct has a total FWHM of
every model used to describe thg,=5.0 ps correlation 150 cm ! and the weakenegl photoproduct has a FWHJ,
spectrum. The only exception to this constraint is Model 4,0f 80 cm 1. The amplitudes of botts and y ground state
the red breaking model, whose implicit proposition is thatbleaches as well as the Fermi resonance peaks are all scaled
this constraint is not valid. High quality fits to the correlation by a single fitting parameter. The amplitudes of the corre-
spectra hav&®? values of<0.2[see Eq(A1.3)]. This value  sponding photoproduct peaks are all scaled by another fitting
is larger for models 1-3 because they cannot accurately dgarameter. In total, three parameters, two amplitudes and the
scribe the data. shift, A,,, are adjusted to fit thé,=5.0 ps correlation spec-
The relative amplitudes of th@andy peaks in Models 1  trum and the corresponding pump—probe spectrum. These
and 2 are determined from the best fit to thg=125fs parameters are summarized in Table I.
correlation spectrum displayed in Fig. 7. The ratio of the Inhomogeneously broadened transitions appear as peaks
amplitudes from the fit is- 7:1, which is consistent with the elongated along the diagonal in vibrational echo correlation
ratio of their extinction coefficient€ The positions and am- spectroscopy. Consequently, we must consider spectral diffu-
plitudes of the Fermi resonance peaks used in all four modelsion when modeling th&,=5.0 ps data. We assumed two
are fixed from the fit of thd,,= 125 fs correlation spectrum. limits to describe the influence of spectral diffusion on the
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