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Vibrational relaxation of the free terminal hydroxyl stretch in methanol
oligomers: Indirect pathway to hydrogen bond breaking

Nancy E. Levinger,? Paul H. Davis, and M. D. Fayer
Department of Chemistry, Stanford University, Stanford, California 94305

(Received 12 July 2001; accepted 10 September 2001

Vibrational relaxation of methanal-(MeQOD) in carbon tetrachloride has been investigated via
ultrafast infrared pump—probe experiments. Exciting at 2690'cnly the free O-Diwhere the D

is not H-bonded stretching mode is initially populated. For MeOD mole fractiern8.025, a 2.15

ps single exponential decay is observed. At mole fractisis0375, the signal decay®.15 ps

decay time below zero(increased absorptiomnd then recovers on time scales of 22 ps &390

ps. The increased absorption indicates the formation of additional free ODs caused by the breaking
of H-bonds that are not directly coupled to the initially excited vibration. The two-time scale
recovery of this signal arises from geminate and nongeminate recombination. The data are fit with
a set of kinetic equations that accurately reproduce the data. The results suggest that vibrational
relaxation of the initially excited free OD stretch into intramolecular modes of the methanol leads
to H-bond breaking. This contrasts studies that suggest direct relaxation of a vibrationally excited
OH stretch into an H-bond stretch is responsible for H-bond breaking20@L American Institute

of Physics. [DOI: 10.1063/1.1415447

I. INTRODUCTION more carefully ascribed the highest energy, spectrally sharp
o . ) . feature to coexisting monomers and terminal OH groups of
| 'Tr:e utllqwty (I)f hyd.rtogen bor:ﬂmg n tchemlctal z?[md ?'0' oligomers that do not donate a hydrogen bond. With increas-
ogical systems places 1t among the most important mo es:ui'ng concentration, a broad feature appears at lower energies
lar interactions known. Indeed, many mechanisms in bio-

chemical systems can be attributed to the strong hydroge%ssomated with hydrogen bond donating OH groups. At in-

bonding found in watet-*While a vast array of experiments termediate concentrations, free hydroxyl groups and hydro-

have probed hydrogen bonding in a wide range of sysf‘emsgen'bomIeOI oligomers appear in the §pegtrum simulta-
there remain many questions concerning how hydrogeli;lleously. As the methanol concentration is raised, the mol-
bonds break and reform in complex media ecules form more hydrogen bonds and the spectrum con-

Although water is the quintessential hydrogen bond"€"9es to the neat liquid spectrum. ) )
former, other molecules, such as alcohols, display similar Other groups have probed the dynamics of alcohols in

4-17 16 i
hydrogen bond formation. Alcohols are interesting in theironPolar solventé: Laenen and co-worket$'® studied _
own right, and their behavior can provide insights into vibrational relaxation of isolated methanol and ethanol in
H-bonding dynamics in water. One advantage of studyind=Cls @t 0.05 M(~0.5 mol %. At this concentration, virtu-
alcohols is their solubility in weakly interacting solvents ally all the alcohol molecules present are monomers; thus,

such as carbon tetrachloride (GEor alkanes. Unlike water, they probed dynamics in OH groups that were not hydrogen-
which is only sparingly soluble in nonpolar solvents, alco-bonded. In both systems they observed a transient bleach of

hols are completely miscible with Cglat all concen- the ground vibrational state and a concomitant increased
trations® excited-state absorption from the=1—2 transition. They
The infrared(IR) spectrum of methanol has been well- reported vibrational relaxation timesT;=9=1 ps for
studied in solid, liquid, and gas phases. Bertie and Zhfing methanol andT;=8=1 ps for alcohol. Heilweilet al™*
have performed an exhaustive study of the methanol IR sped¢nade early measurements on these types of systems but with
trum, including the various deuterated isotopomers. In thgulses too long to observe fast transients and with very high
gas phase, the methanol molecules are isolated, but in copewers that may have induced heating artifacts. Analyzing
densed phases the hydroxyl modes reflect the presence steady-state Raman and IR spectra, Perelygin and
hydrogen bonding. The steady-state spectrum of methanol iklikhailov*® reported the vibrational lifetime for nonassoci-
nonpolar solvents has also been studigd-3At low concen- ated CHOH and CHOD in CCl, solution to be approxi-
trations, the spectrum displays only isolated monomerianately 1 ps, regardless of deuteration. This result led them to
methanol molecules. Initially, researchers assumed that theypothesize that resonant intramolecular energy transfer is
sharp feature observed in the OH stretching region reflectedot an important pathway for relaxation. The wide range of
only free monomeric methanol molecufe¥. Later, others results reported in the literature indicates that there is no
consensus about the dynamics in these systems.

d0n sabbatical leave from the Department of Chemistry, Colorado State Here, we explore _the dynamics following vibrational ex-
University, Fort Collins, CO 80523. citation of the stretching mode of nonhydrogen bond donat-
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ing OD groups in methanal-(CH;OD, MeQOD) dissolved in  Nd:YLF laser that pumps the amplifier with 11 W of 527 nm
CCl, as a function of the MeOD concentration for a range oflight.
concentrations, 1, 2.5, 3.75, and 5 mol %. At all concentra- The regenerative amplifier employs an in house
tions probed, nonhydrogen-bonded OD groups coexist witllesign?®?” The chirped seed from the stretcher is coupled
hydrogen-bonded groups, although the relative amounts varinto the cavity through a thin-film polarize¢TFP) and
We present data from ultrafast IR pump—probe measuretrapped using an intracavity Pockels cell. Two pairs of
ments and a kinetic model to explain the experimental recurved mirrors focus the cavity mode in the Ti:sapphire rod
sults. For the two lower MeOD concentrations, the data ex{10 mm long, 0.15% doping, Union Carbide Crysfalsfter
hibit a 2.15 ps single exponential decay. At the two higheramplification, the pulses are switched out of the cavity by the
concentrations, the data initially decay with the same 2.15 psitracavity Pockels cell. The outgoing amplified pulses are
decay time, but the signal also dips below the baseline beforeeparated from the incoming seed pulses by a Faraday
recovering. This negative signal recovers at two rates corrasolator/TFP combination and recompressed in a single grat-
sponding to 22 ps anet300 ps recovery times. The negative ing compressor. The end result is 1.1-4.8ransform-
signal indicates that the absorption of the sample has inlimited pulses, centered at 798 nm and ranging in pulse du-
creased relative to that in the absence of vibrational excitaration (depending upon the slit width employed in the
tion. The increase in absorption can be caused by H-bonstretchey from ~150 fs to 1.5 ps. The pulse energy is 1.2—
breaking that produces additional MeODs in which the D is1.5 mJ/pulse.
not H-bonded. The recovery of the negative signal on the The amplified Ti:sapphire pulses are split into three
two time scales can arise from geminate and nongeminateeams to pump a three-stage optical parametric amplifier
recombination. An important point is that H-bonds are bro-(OPA). A white light continuum is generated in sapphire and
ken in spite of the fact that the initially excited vibration the resulting near-IRNIR) radiation is amplified in two OPA
resides on an OD in which the D is not H-bonded. stages using Type Il BBO. The resultant NIR signal can be
tuned between~1.2 and 1.475um (corresponding to an
idler wavelength of-1.74—-2.4um) by varying the angles of
Il. EXPERIMENTAL METHODS the two BBO crystals. The signal and idler are difference

; ixed in a Type Il AgGa$g crystal to produce tunable
Deuterated methangRldrich, 99.5+at. % and carbon mixe g . ! :
tetrachloride(Aldrich, HPLC gradé were used as received. mid-IR (MIR) light in the_1000—4000 _le region of ”“?
Samples were prepared by weight at 1, 2.5, 3.75, and gpectrum. For the experiments described here, the Ti:sap-

mol %. For spectroscopic measurements, home-built coppé]hlre pump was attenuated prior to the second BBO crystal
to avoid saturation of the BBO crystal, and the signal and

cuvettes with Cajwindows were used. Variable thickness .
Teflon spacers, 1—2 mm, yielded an absorbance between d_djer outputs of the second BBO crystal were attenuated to

and 1 for all concentrations. In these sample cells the solu"ElVOId saturation of the AgGg&rysEal. This resulted in 1-2
tion came in contact only with the Ca&nd Teflon, because #J MIR pulses centered at 2.690 ch o
metals such as copper catalyze the decomposition of MeO The MIR pulses are SPI'_t into pum{90% and prob_e :
in CCl, solution!® Steady-state IR spectra measured with an 10% beams that traverse dlff_erent paths before crossing n
FT-IR (Mattson were utilized to characterize the samplesthe sample. The pump beam is chopped at .500 Hz and di-
and revealed no unexpected peaks in the frequency range 'E)?Cted along a variable path length delay line. The probe
the OD stretch. beam pollarllzat|on can be rotated by a ZnSe B.rew.sjter—pllate
The laser system used in these experiments consists off: larizer in its path. A small amount qf th.e MIR. light is split
home-built Ti:sapphire oscillator and regenerative amplifier0 and used fqr shot—to-shpt norr_nahzatlon. Signal and ref-
whose output pumps a three-stage optical parametric amplia_rence beams impinge on liquid nitrogen coole_d MCT detec—'
fier (OPA) designed and built in-house to produce tunabletc.’rS whose outputs are processed by gated mtegrators,.dl—
midinfrared light(2.5—10um or 1,000—4,000 cim') of vari- V'ded_ _by an analog processor, ?‘”d mp_ut to a lock-in
able pulse duration150 ps—1.5 ps2° The Ti:sapphire oscil- amplifier. The output of the lock-in is read into a computer

lator, based on the design of Murnaeteal.,?* is pumped by using an A/D board. . .

an argon ion laser and runs at 84 MHz, producing0 fs The IR pulse duration was measured by autocorrelation

4.5 pJ pulses centered at 798 nm ' " inalmm Type 1AgGa$S crystal. The<200 fs pulses were
Before entering the regenerative amplifier, the oscillator’€"Y nearly Gaussian m_shape. The spectrum of the pul_ses

pulses are stretched in a single grating/curved mirrolVas also close to Gaussian. The pulses were always within a

stretche?23 of the type first proposed by Martiné42 In factor of 1.15 or less of the transform linfite., 1.15 times

addition, a bandwidth-limiting slit is inserted in a region of the Gaussian time-bandwidth product of 0.4Extensive

the stretcher where the pulse has been spatially separat&effts for power glependence were performed. None of the
into its component wavelengths by the grating. By varyingdata changed with the attenuation of either the pump or
the slit width, we select the bandwidth of our laser pulses,probe pulses.

and hence the pulse duration. An extracavity Pockels cell

placed between the stretcher and the regenerative amplifigrl' EXPERIMENTAL RESULTS
selects single pulsegs a 1 kHz repetition rate for injection Figure 1 displays typical steady-state IR spectra for
into the amplifier, and home-built electronics synchronize theMeOD in CC|, for the concentrations probed, 1, 2.5, 3.75,
pulse injection with an intracavity-doubled Q-switched and 5 mol %. The dramatic change in the MeOD spectrum
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FIG. 1. Steady-state IR spectrum of MeOD in @k a function of con-
centration in mole percenty refers to isolated monomeric moleculgsto
OD oscillators that accept but do not donate hydrogen boptismolecules

donating but not accepting hydrogen bonds, @ molecules that both I
donate and accept hydrogen bonds. 0

with increasing concentration agrees with reports for
MeOH 8911-13285r 1 mol % samples, a sharp feature peak-
ing at 2688 cm! dominates the spectrum. This feature is
assigned to the nonhydrogen bond donating OD stretching
mode. Frequently, this mode has been attributed to absorp o L L L
tion by isolated, monomeric methanol moleculase follow -1 0 1 2

the convention of Bakker and co-work&t$abeling the OD time (ps)

of the monomeric MeODr. With increasing concentration,

this sharp feature persists and can be ascribed to true metHg$: 2. Time-resolved IR pump-probe signals(@ pure CCJ and (b) 2.5

. . mol % MeOD in CC}. As can be seen from the data, at early time the
nol monomersg, and terminal, nonhydrogen bond donating signals contain a nonresonant contribution arising from the,d€lpanel b,

OD moieties from methanol oligomers, designaed’he @ the beginning of the OD stretch vibrational pump-probe signal appears fol-
and 8 moieties together give rise to thég absorption peak, lowing the decay of the nonresonant solvent signal.

the “free OD peak.” A broader feature appears to lower en-
ergy that has been attributed to the hydrogen-bonded metha-
nol dimer or to an alcohol molecule that donates but does nqtolarizations of the pump and probe beams parallel to each
accept a hydrogen bond, labeled'®?® An even broader other. Because the pump—probe signal is weak at low con-
feature at lower energy than the free OD stretching modes, centrations, 1 and 2.5 mol %, a signal from the £@lon-
and g, and they band grows larger with increasing methanol resonant electronic Kerr effect transient grating self-
concentration until it dominates the spectrum. In pure methadiffraction) contributes to the total signal at short tinfeee
nol, the free OD stretching mode is no longer observableFig. 2). The signal from pure CGl shown in Fig. 2a), de-
This spectral feature, referred to as thepeak, has been cays to zero by 700 fs. While the signal from the 2.5 mol %
attributed to methanol molecules in oligomers in which thesample, Fig. @), displays the CGlartifact, the additional
OD is both a donor and an acceptor. In the lowest conceneontributions from the MeOD pump-—probe signal can be
tration (1%) spectrum in Fig. 1, the’band is barely discern- clearly seen at times longer thaf700 fs. Figure 3 shows the
able. This feature is exaggerated by the fact that the extinadecays for the 1 and 2.5 mol % samples beginning at 800 fs
tion coefficients for they and 6 bands are larger than tké3  (after the CCJ] nonresonant contribution to the signal has
extinction coefficients. They and § extinction coefficients decayed to zepoalong with a fit to a single exponential. The
are factors of 3.5 and 10 greater than W@ coefficients, data fit to single exponentials very well. For both concentra-
respectively Therefore, the small amount fODs present tions, the decay time is 2.39.1 ps.
in the 1% sample is negligible. For the low-concentration samples, particularly the 1
Pump—probe data are shown in Figs. 2—6, as a functiomol % sample, the decay arises primarily from vibrational
of delay between pump and probe pulses. In the highest comelaxation in monomers. The data indicate that the free OD
centration sample, the maximum bleaching of the absorptiostretching vibration is strongly coupled to other modes in the
is ~0.5%. In the lowest concentration, the bleach is approxisystem, thereby causing it to lose its energy very rapidly.
mately a factor of 10 less. These data were collected with th¥ibrational relaxation can occur through a combination of

signal
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FIG. 3. Time-resolved IR pump-probe decays far 1 and(b) 2.5 mol % ) .

MeOD in CCl, (open circleywith single exponential fitésolid lineg to the FIG. 4. Time-resolved IR pump-probe decays: short time de¢h¥$ ps

data. At both concentrations, the data fit well to a single exponential with thdull scalg) for (a) 3.75 and(b) 5 mol % MeOD in CCJ. The signals decay

same decay time, 2.390.1 ps. below zero. The negative signal is caused by increased absorption over that
which exists in the absence of IR excitation of the OD stretching vibration.
The decay time is unchanged from the lower concentration @&tp 3).
Hydrogen bond breaking produces additional free ODs, which absorb at the

. . robe wavelength.
intramolecular and intermolecular pathwa&y<CCl, has low P g

frequency internal modes and provides a continuum of bulk

solvent modes that extend t0150 cm 1.3° The likely path

for vibrational relaxation of the OD stretch is to populate ais not directly coupled to the CH stretching modes but can
number of other intramolecular MeOD modes and one oexcite the methyl rock and deformation. They also found
more modes of the continuum to satisfy energy conservatiorsignificant population of the C—O stretching mode.

The time constant for vibrational relaxation that we mea- At the higher concentration§3.75 and 5 mol % the
sure, 2.15 ps, is significantly faster than that reported byump—probe data display a bleach that rises within the laser-
Laenen and co-workers for low-concentration MeOH inpulse width, followed by a decay to an amplitude below the
CCl,.158 Our result is consistent with the estimation of the baseline, as shown in Figs. 4 and 5. A signal that decays
vibrational lifetime by Perelygin and Mikhaild¥.It is pos-  below zero is caused by increased absorption relative to the
sible that the difference lies in the deuteration of the MeODabsorption that exists without IR excitation. Therefore, the
molecule. The sum of thegs methyl rock(1232 cm?) and  data reveal that new absorbing species are being formed.
the vs valence angle deformatiofi467/1447 cm') could  Scans to longer times are shown in Fig. 5. By 10 ps, the data
provide a resonant intramolecular pathway for the vibrationahre clearly decaying back toward zero. However, for the
relaxation of the OD stretcH. Indeed, arab initio calcula-  length of the scan shown, the data do not return to zero. Even
tion of the vibrational modes in methanol and its deuteratedonger scans to 300 ps show a nondecaying small negative
isotopomers showed significant Fermi interaction betweemffset that does not return to the baseline. However, we can
the OD stretch and thes+ v combination’> No Fermi in-  place an upper bound of 1 ms on the time scale for this
teraction is observed for the other isotopomers of MeOHrecovery, as it is complete before the following laser pulse
The significantly higher energy of the OH mode makes therestarts the experiment. As discussed in the next section, the
possibility of resonant energy transfer less likely for MeOH.data were fit to a kinetic model. Within experimental and
Iwaki and Dlotf® have shown that the OH mode in @BH fitting uncertainty, the decay time for the initially positive
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Because the data at low concentration also include a coher-
ence artifact at early timgsee Fig. 2a)], the fits are started
after the artifact has decayed to zero, that is at 800 fs after
t=0. The data at low concentratidd and 2.5 mol % fit

well to Eq.(2) (1/k,=2.15+0.1 p39. The spectral peak being
time (ps) excited and probed can have contributions from hotnd 8
MeODs. Particularly in the 2.5 mol % sample, a significant
FIG. 5. Time-resolved IR pump-probe decays; long time de¢d§8 ps full  portion of the signal arises from vibrational relaxation®f

scan for (a) 3.75; and(b) 5 mol % and fits to the data using E@) (see . s . .
text). The model that fits the data involves H-bond breaking and geminateOD moieties. Therefore, within experimental uncertainty, the

(22+1 p9 and nongeminaté>300 p3 recombination. Also shown are the decays of thex and B species are the same.
residuals of the fit to Eq(9) and the autocorrelations of the residuals, which At higher concentrationg3.75 and 5 mol % the signal

demonstrate that the data do not deviate systematically from the fits. contains the decay of the initially excited vibrations, in-
creased absorption, and the decay of the increased absorption
on fast and slow time scales. Therefore, a more complicated
signal is the same as measured for the lower concentratidkinetic model is necessary to describe the data. Consider the
samples, that is, 2.15 [§6ig. 3). Two additional components, ensemble of3 ODs (D not H-bondedl that are vibrationally
22+1 ps and>1 ns, comprise the recovery from the negativeexcited. If the relaxation of the vibration leads to H-bond
signal toward zero. Data were also collected with the probdreaking in some fraction of the ensemble, then new absorb-
polarization rotated to 54.7°, the magic angle. To within theing species will be formed that contribute to absorption in
S/IN, the data with the probe polarization parallel to and athe o/8 peak. If theg OD is part of a dimer, there is initially
the magic angle with respect to the pump polarization ar@neg OD and oney OD. If the H-bond breaks, then both the
identical. We discuss the implications of the lack of an an-g andy ODs becomeax ODs. Where initially there was one
gular dependence below. absorber in thev/g peak, following H-bond breaking, there
are now two absorbers. If the initially excitgdOD is part of
an oligomer, breaking the H-bond to the O of {B&D will
IV. KINETIC MODEL AND DISCUSSION produce anx and anothes. If an H-bond is broken some-
For the methanol molecules in solution that are true,Where else_in the oligomer, the initiﬂv_vil_l _remain ajg and
isolated monomers, the vibrational relaxation is described b nother,B will be formed. In all cases, initially one absorber
ontributes to thex/ B peak, but following the H-bond break-
dNX(t) . ing, two absorbers contribute to the absorption. It is proposed
G — kNG (1), (1) that the increase i/ peak absorption caused by H-bond
breaking is responsible for the negative going signals shown
wherek, is the rate for vibrational relaxation andf (t) is  in Figs. 4, 5, and 6. Reforming H-bonds will cause the extra
the number of vibrationally excited monomdigs). Equa- absorption to decay away.
tion (1) has the solution The number of vibrationally excited ODs I¢* (t) with

N*(t)=N*(0)e k. 2 N* (t)=NZ%(t) + N (1), 3
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TABLE |. Parameters derived from fits to E®) or (9) for MeOD in CCl,.
Mol % 1-F Fi Fs 1k, (ps 1Kk¢ (ps) 1Kks (ps)
12 1 2.15+0.1
3.79 0.79+0.01 0.17-0.01 0.03-0.01 2.15¢ 22+1 >300
5° 0.79+0.03 0.15-0.02 0.05-0.01 2.18¢ 22+1 >30("
it to Eq. (2).
PFit to Eq. (9).
‘Determined from fits to low concentration data.
YHeld constant during fitting.
whereN7, (1) is the number of excited’s, andN7(t) is the k,FN*(0)
number of exciteg8’s at timet after the initial excitation. Of S(t)=2Q[N*(0)e ']+ Q| ———— (e Kt—e kit
the initially excited ODs, some fractiori{ of them proceed ke — ks
to dissociate H-bonds, creating additional absorbers. Obvi- %
o ) k. FsN*(0)
ously, only excited3's break H-bonds; however, because we + - (e ek |, 9)
do not know the relative fraction af and3 free OD groups, K —Ks

we cannot determine the fraction 8% that break H-bonds,
only the fraction of initially excited ODgboth « and 8) that
break H—bonds.N%(t) is the number of new absorbers

formed by H-bond breaking. Of these, some reform H-bonds

on a fast ) time scale and some reform H-bonds slowly
(s). Then,

NB(t) =N (1) + NO(1). (4

The fraction that reform rapidly i§;, and the fraction that
reform slowly isFg

F=F+Fs. (5)

In the experiments, the relaxation tinfimitial decay of the
signa) does not changéwithin experimental errgrwhen

whereQ is a constant that determines the absolute magnitude
of the signal. It contains various experimental parameters
uch as the intensity of the pump pulse, the laser bandwidth,
the extinction coefficient of the/B peak, etc. The factor of
two in front of the first term occurs because the initial decay
of the signal is caused by both ground-state recovery and
loss of stimulated emission from vibrationally excited mol-
ecules that have relaxed. The second and third terms in the
second set of square brackets describe the signal that arises
only from ground-state bleaching and recovery, that is, there
is no stimulated emission contribution.

Equation(9) fits the data exceptionally well, as shown in
Fig. 5. In addition to the fit that runs through the data points,
the residuals and autocorrelation of the residuals are shown.

H-bond breaking is observed. For this reason we assume thahe single spike centered at zero in the autocorrelation of the
following vibrational relaxation, for the fractiof of the  residuals demonstrates the high quality of the fit. Results
molecules that are involved in H-bond breaking, the H-bondrom fits are given in Table I. The slow recovery appears to
breaking is very fast compared to the vibrational relaxatiorP€ & constant out to 300 ps. Therefdtgwas fixed at 107

rate. Therefore, for the subensemble @§ that leads to

ps ! (corresponding to a recombination time 6f10 us).

H-bonding breaking, the rate of H-bonding breaking is equaFixing k; at (1/2.19 ps * or letting it float as an adjustable

to k, . (Another possibility will be discussed in the follow-
ing.)

parameter in the fits yields the same results. Therefqre,
was held constant in the final fits to reduce the number of

With these definitions and assumptions, a set of ratditting parameters. That leaves only one adjustable rate con-
equations can be written to describe the kinetics of the sysstant,k¢. Becausek; is well-separated in time from the fast

tem:
dN®
Bf(t) =karN*(t)_ka%f(t)’ (6)
dt
dNZS(t) b
dt
N* (1) is
N* (1) = N* (0)e K, (8)

becauseN* (t) = N7 (t) + N3(t), and the low-concentration
samples show thall7 (t) and N%(t) have the same decay
rate. The solutions of Eq46) and (7) using Eq.(8) are
combined to give the signal,

initial decay and the essentially time independent long time
recovery, it can be obtained accuratelk;¥22+1 ps. The
fractionsF; and F¢ are also readily obtained becausgis
determined by the time independent offset at long time. The
net result is that while there are quite a few parameters in Eq.
(9), they are relatively independent and can be determined
with considerable certainty. The results show th&0% of

the initially excited ODs result in H-bond breaking, that is,
F=0.2. From the value of the long time offset, it is deter-
mined thatF;=0.16, andF;=0.04.

At the higher concentration8.75 and 5 mol % energy
from a small fraction of the excited molecules breaks a hy-
drogen bond in a nearby OD group. The energy of the hy-
drogen bonds between MeOD molecules in bulk MeOD is on
the order of 2000 cmt,** and the laser frequency is 2690
cm L. Therefore, there is enough energy to break this bond.
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Because the short time bleach decay occurs on the same tim 10
scale regardless of whether or not we observe hydrogen bon

dissociation, these results suggest that the fast hydroge . | o laser=2720 cm’
bond dissociation is indirect. Vibrational energy relaxes from — laser=2690 ¢
the initially excitedB OD into a collection of internal modes I

of the same MeOD. Coupling of these excited vibrational 06 -

modes to the H-bond breaks the H-bond. For example, the_

C-0 stretch is certainly coupled to the H-bond through the% oal

oxygen. Other modes of th@ MeOD can also be coupled to
the H-bond. There will be a variety of different configura-
tions for they and § MeOD H-bonds to the oxygen of the 02}
MeOD. Itis possible that some subset of these configuration:s
results in weaker H-bonds, H-bonds that are more strongly 00 Lign
affected by the vibrations of th@ MeOD excited by the ) Y
relaxation of the OD stretch, or botkee the following 0 5'0 10
We considered another possible mechanism to describi
the data. This mechanism begins with excitationBoOD
leading to H-bond breaking and depends on direct energ¥IG. 7. Steady state spectrum of 2.5 mol % MeOD in £&blid line) also

transfer from the initially excited OD to a~v or 8 OD that showing the laser spectrum centered on the free OD spectral feature at 2690
Y ® Y cm ! (dashed ling and shifted 30 cm? higher in energy to 2720 cri

is H-bonded to the 'mt'a_'”y excite@g MeOD. They and75 (dotted—dashed lineo reduce overlap with the broagand § MeOD fea-
OD stretches are lower in energy than féy ~100 cm*  tures at lower energy. With the laser wavelength at 2720 cithere is
and ~200 Cm_l, respectively. A Foster-type hopping essentially no overlap of the laser spectrum with #rend & portions of the
mechanism could transfer the energy downhill from the ini-MeOD spectrum.
tially excited 8 OD to ay or 6 OD with the excess energy
being absorbed by the solvent or low-frequency modes of the
oligomer. Laenen and co-workérs*’ hypothesized that en- mol 9%, of MeOD in CC} along with the experimental
ergy transfer occurred prior to hydrogen bond dissociatiothump—probe laser bandwidth at the two wavelengths used
following excitation of hydrogen bonded OH groups on for time-resolved experiments. With the laser spectrum cen-
methanol and ethanol. Once excitedy ar 6 H-bond could  tered at the peak of the free OD feature, it overlaps the high-
break by direct transfer of the OD stretching vibrational en-energy tail of they and 8 band. Thus, the pump pulse could
ergy into the H-bond vibration. The direct breaking of potentia”y excite hydrogen bond donating oD grouws,
H-bonds in this manner is the mechanism that has been imand §'s, leading to hydrogen bond breaking and an increase
voked frequently to explain H-bond breaking following ex- in the signal at the free OD frequency. By shifting the laser
citation of a H-bonded OH stretcfi>>-3841-43 peak frequency-30 cmi * to higher energy2720 cm %), the

To test whether energy transfer from the initially excited pulse spectrum still overlaps the free OD peak well, but in-
B OD to ay or aé OD followed by H-bond breaking is tersects the underlying and 6 bands negligibly. A quantita-
responsible for the observed behavior, a different set of kitive test was performed by calculating the overlap integral of
netic equations describing this alternative model was applie¢the laser spectrum with the and & bands of the MeOD
to the data. Because the energy would hop from the ex@ted spectrum. With the laser spectrum centered onditpeak,
OD to ay or g, in addition tok,, another rate constant was the overlap is very small. When the pulse is shifted to the
included in the decay pathway for the initially excit8dDD.  blue, the overlap integral drops to essentially zero. Thus, any
At high MeOD concentration, for which most of th&8  possible signal arising from oligomeric OD modes should be
peak is caused by3 absorption, the additional energy- suppressed by shifting to higher energy. Decays measured at
transfer pathway competes with vibrational relaxation. In2720 cm* cannot be distinguished from the decays mea-
this scenario, the~-20% H-bond breaking that is observed sured at 2690 cmt, as shown in Fig. 6, demonstrating that
for the high-concentration samples arises from the fraction oand § moieties do not contribute to the observed signals.
initially excited ODs that undergo energy hopping te ar § The model that fits the data consists of vibrational relax-
OD. Unlike the first model presented, this alternative modektion of the8 OD into internal modes of the same MeOD
fails to fit the data. To obtain sufficient H-bond breaking, theand possibly some solvent modes. Excitation of these modes
energy-transfer rate constant must be significant. This causesuses H-bond breaking. The H-bond breaking does not oc-
the decay of the initial signal to be too fast, well outside ofcur by direct relaxation of an excited OD stretch into a
experimental uncertainty. highly excited H-bond mode that then breaks. In a mixed

As another test of the model, we also performed pumpguantum-classical calculation of methanol dimer in £Cl
probe experiments designed to ascertain whether signaBtaib’s results indicate that energy deposited int@® ©H
from y and & moieties contribute to the signals measured atan undergo vibrational relaxation and eventually lead to
the o/B peak. Because the laser pulses are stro200 fg, H-bond breaking. The results and model presented here con-
the laser spectrum is bro&e-80 cm * FWHM) compared to  trast the results of Bakker and co-workéf424°who re-
the ~20 cm ! FWHM free OD peak of the steady-state IR ported a series of experiments in which energy deposited
spectrum. Figure 7 shows a representative spectrum, 2directly into hydrogen-bonded OH modes of water and alco-

time (ps)



J. Chem. Phys., Vol. 115, No. 20, 22 November 2001 Vibrational relaxation of hydroxyl 9359

hols led to rapid hydrogen bond dissociation. It was pro-servations reported here for a number of reasons. First, care-

posed that vibrational relaxation of the OH stretch directlyful power dependence studies revealed no changes in the

excites the H-bond mode and breaks it. However, Bakker andecays or the long time recovery when the pump pulse en-

co-workers’ experiments were conducted on the broad oligoergy was reduced. Second, the maximum pulse energies we

mer peaks, not the isolated 8 peak studied here. Our re- used were more than an order of magnitude smaller than

sults demonstrate that H-bond breaking can occur even whehose used in related experimefit€.Finally, and most con-

the initial excitation is of an OD stretch that is not H-bonded.vincingly, if the slow recovery portion of the data were due

The model that fits the data suggests that it is possible for thi® local heating shifting the oligomer band toward 3

vibrational energy to relax into other intramolecular modespeak, then we should have observed a smaller long term

prior to hydrogen-bond dissociation. component of the increased absorption signal when we
The model discussed above states 8D vibrational ~ shifted the laser frequency 30 cthhigher in energy, be-

relaxation is followed by H-bond breaking. To explain why cause the oligomer peak is lower in energy than &g

only a fraction of the initially excited@ ODs result in  peak. As shown in Fig. 6, however, the scans with pump and

H-bond breaking, we suggest that special structural configuprobe radiation centered at 2690 and 2720 twan be su-

rations of H-bonded MeODs may be susceptible to H-bondPerimposed.

breaking caused by interaction with a collection of excited

vibrations. Previous experiments have reported that nearly. CONCLUDING REMARKS

all the molecules observed in 5 mol % samples are parts of : .
In summary, we have measured dynamics following ex-

oligomers!® indicating that3 OD groups comprise nearly all ... : )
of the free OD mode observed in 5 mol % samples. Thecr[atlon of the OD stretch in nonhydrogen bond donating OD

. ; . : . groups of MeOD molecules in Cglusing ultrafast time-
negative signalincreased absorptigphat we observe is not : ; ;

. . - resolved transient infrared absorption spectroscopy. At low
equal in amplitude to the initial ground-state bleach. Thus

. o . . ._~MeOD concentrations, the signals decay exponentially via
only a fraction of the MeODs initially excited result in ibrational relaxation with a 2.15 ps time constant. At higher

. . ) - i
H-bond breaking, which points to _the speuahzet_j nature 0ﬁ\//IeOD concentrations, vibrational relaxation following exci-
the H-bonds that do break. There is some experimental evi:

dence to support this idea, In addition to measuring dyna ation of the free OD mode leads to hydrogen bond dissocia-

. th th larizati £ h be b el t thmt'ion. Reformation of the hydrogen bonds occurs on two dis-
ics wi e polarization of the probe beam parallel to the; e scales, 22 ps and300 ps,

pump polarizatlion,. experiments were also conducted with An important result of this work is that it is possible for
the probe polarization at 54.1the magic angle T_he Qecays H-bonds to break following vibrational excitation of a non-
showed no dependence on the relative polarizations of thﬁ-bonded OD stretch. In previous studies, primarily of hy-

pump and probe pulses. In fapt, within the n0|se,'the datzarogen bonded OH stretching modes of oligomers, H-bond
col_lected for the two polarizations could be SlJperIrm)Osedbreaking has been attributed to vibrational relaxation of the
This means that_ all _Of_ the free O_D groups created bYexcited OH stretch directly into the OHO hydrogen-bond
hydrogen-bond dissociation have their transition dipoles Pastretch. The results presented here suggest that this need not
allel, or close to parallel, to the transition dipoles of the Origi'always be the case. Further experiments are currently in
nally excited OD groups. While configurations that allow progress on the oligomer bands of MeOD in ¢&hd dilute
adjacent methanol molecules to reside with their OD groupg;eop in MeOH, as well as on the/g peak of ethanot

close to pqrallel to ea'ch other are somewhat unexpected, thﬂ-EtOD) in CCl;. These experiments will increase our under-
may explain the relatively small fraction of hydrogen bo”dsstanding of H-bond dynamics and the potential differences
brokent compared to the total number of hydrogen bondgaiyveen OD and OH hydrogen bonding.
present.
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