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Ultrafast nonlinear vibrational spectroscopy with mid-IR pumping and incoherent anti-Stokes Raman probing
is used to study = 1 excitations of OH stretching/éy) of water and of HOD in RO solvent (HOD/DRO).

The parentoy decay and the appearance of daughter stretching and bending excitations are simultaneously

monitored, which allows for characterization of the stretch decay pathways. At all times and with all pump
frequencies within theoy band, the excited-state spectrum can be fit by two overlapping subbands, a broader
red-shifted band/y, and a narrower blue-shifted ban@,. We show these subbands are dynamically
distinguishable. They decay with different lifetimes and evidence characteristically different decay pathways.
Excitations of the/gH subband generate bending vibrations nl@,tdoes not. The shorter lifetime-Q.5 ps)

of the VSH subband compared to th%H subband (0.80.9 ps) results primarily from enhanced stretch-to-

bend anharmonic coupling. The subbands represent persistent structures in the excited state, in that

interconversion between subbands-(® ps) is slower than excited-state decay. A tentative structural
interpretation is proposed. Th§,, subband, on the basis of simulations, its red shift ,and its shorter lifetime,
is proposed to result from strongly hydrogen-bonded “ice-like” water. W&gsubband has a smaller
amplitude in HOD/DRO than in water, possibly because HOD has a single localized OH-stretching vibration
whereas water has two delocalized stretching vibrations.

1. Introduction all what one expects on the basis of water simulatfobst a
recent X-ray absorption and X-ray Raman study has been

copy to demonstrate that the OH-stretching) band of water interpreted as indicatipg thz_it water consists mainly of two
consists oftwo distinct subbands thatilence clearly distin-  hydrogen-bonded configuratiofs.

guishable dynamical behir. A subband is a spectrally The ease of fitting water vibrational spectra in thg region
contiguous region within theow band that can be experimen- by using a small number of overlapping Gaussian subbands has
tally distinguished from other parts of the band. Here we frequently been interpreted as an argument for the existence of

In this work, we use ultrafast nonlinear vibrational spectros-

measure the transient anti-Stokes Raman speétnfrwvater interconverting structurally distinguishable subbands that rep-
and HOD solute in BO (HOD/D;O) of vou excitations inv = resent different hydrogen-bonded structutés, instance “ice-
1 generated by a tunable mid-IR pulse and probed via the like” or “bridged” structures. However, Gaussian fitting of

1— 0 Raman transition. We observe two overlapping subbands ultrabroadened vibrational spectra in hydrogen-bonded liquids
that are distinguishable by virtue of having different excited- is a poor tool for discerning structurally distinct elements.
state lifetimes and different vibrational relaxation (VR) path- Recently developed techniques in ultrafast nonlinear vibrational
ways. The blue-shifted subband undergoes slower VR with spectroscogy allow a much more effective attack on this
minimal generation 0bu,0 or dnop bending excitations and  problem with use of line narrowing or hole-burning methéds.
the red-shifted subband undergoes faster VR with more efficient These methods ought to permit a straightforward determination
generation of bending excitations. Subbands of this type will of the existence of dynamically distinguishable subbands.
be termed “dynamically distinguishable”. In the past, most Making the connection to underlying structures is more difficult
discussions of water subbaitshas focused on the idea that owing to the rather complicated relationship between the
if subbands exist, they should be attributed to characteristic vibrational spectrum and local structure. Usually simulations
hydrogen-bonding environments. Subbands of this type will be are needed to make this connection, although some insight into
termed “structurally distinguishable”. To the extent that we may  this problem is gained in this work by a comparison of results
associate different dynamics with different structures, our from both water and HOD/ED.

observations indicate that the two subbands represent water \ nst prior experimental work in this area used ultrafast
environments that are persistent in the sense that interconversiongzas-21 or IR—Ramar223methods to studyon of HOD/D;O.
(estimated at 210 ps) is somewhat slower than the= 1 There have been far fewer studies of wkté}222428 jtself.

excited-state lifetime of 0:51.0 ps. Thus our work suggests Most of these works agree that the rates of VR and orientational

g.‘att. a tg_latss of wattt_ar ai amblefnt tetmperalturel corgﬁlstts[) O; WO e laxation vary within theoy band. Some groups find that the
Istinct intérconverting types ot water molecules that behave 4n y/p jitetime varies continuously across the bdAdur

in characteristically different ways. This dual structure is not at groug” in a recent study of water found just two discrete

*To whom correspondence should be addressed. E-mail diott@ lifetimes. The orientational relaxation rate in HOD is said to
scs.uiuc.edu. take on a small number of discrete valdé3put if correct the
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Figure 1. IR and Raman spectra of water, showing the OH-stretching
(von) region and bendingdti,o) region. The shaded region indicates  Figure 2. IR and Raman spectra of a 10% solution of HOBIDThe

the approximate location of the bend overtorig, 2. OD stretching region has contributions from both HOD an®DThe
shaded region indicates the approximate location of the bend overtone
actual number (either twdor three or moré!? is not settled. ~ 20+op transition.

The relevant experimental works will be described below, but
we believe that it is fair to say that until now it is inconclusive 0 construct a function representing the overtone transition (
whether these dynamical properties evidence a small number= 0 — 2), 1s(2v—"), wherev' ~ 40 cnt! is the gas-phase
of discrete values or a continuous variation within thg band. anharmonicity’® This putative overtone transition in Figure 1a
Computer simulatior?8 3¢ have shown that a wide range of is conc_;entrated primarily in the lower frequency part ofthg _
hydrogen-bonding parameters (lengths, angles, strengths, etc_}ransmon. The IR and Raman §tretch spectra of water and its
coexist in water and in HOD/ED, which appears to argue for isotopomers are frequently fit with a small number of overlgap-
a continuous distribution of properties. On the other hand, by PiNg Gaussian subbanéisThe Raman spectrum of water in
using potentially arbitrary geometrical or energetic cutoff criteria Figure 1 clearly evidences a dual-peak structure (3235 and 3460
to determine whether a particular atom participates in a hydrogenC 1) A pair of Gaussian subbands does a good job of fitting
bond or not (e.g. refs 29, 30, and 36), the same simulations canth® Raman spectrum, although a better fit is accomplished by
be used to show that just a few discrete hydrogen-bonding YSing one additional minor subband at the red edge and one at

structures coexist in water, and that these structures can givetne blue edgé??

rise to structurally distinguishable subbands. Quite recently, two The HOD in DO system (HOD/RO) may be viewed as
groups have made important advances in simulations of HOD/ simpler than water because, as shown in Figure 2, there is little
D,O allowing them to investigateroy dynamics including — overlap between theon, 20nop, and vop transitions. The
spectral diffusion and VR pathways and lifetinf@s31.36-42 putative bend overtone spectrum in Figure 2 (the fundamental
However, these simulations have been used to extract onlyOrop iS peaked at 1443 cm) lies primarily though not entirely

ensemble-averaged dynamics, so the issue of dynamicallyoutside thevon band. The Raman spectrum of HOD in Figure
distinguishable subbands has not yet been dealt with. 2 has a less-prominent dual-peak structure, with a main subband
These issues raised by experiments and simulations areP€aked near 3422 cthand a second smaller and narrower peak

sometimes termed the continuous environment versus multi- 0N the blue edge near 3590 thn
component controversy:36The experimental methods used in B. Structural Environments and Stretching Transitions.
this work are well suited to help resolve this issue. The anti- In water, the red shift within theoy transition (relative to a
Stokes Raman probe technique allows us to simultaneouslysolitary** water molecule) is generally associated with stronger
monitor both thedecay of the parentoy excitation and the hydrogen bonding.Studies of water in a series of hydrogen-
appearance of the daughtéenddn,o in water and thednop bonded solids led to the suggestion of a possible 1:1 cor-
or dp,o daughters in HOD/BD as a function of both pump and  respondence between thgy wavenumber and the hydrogen
probe frequency within theon band?” Thus we can investigate ~ bond length546 This suggestion was subsequently employed
the question of dynamically distinguishable subbands by direct to simplify the interpretation of ultrafast nonlinear spectroscopy
measurements of both the VR lifetime and the VR pathway. measurement$16-47of HOD/D,O. Using pump and probe pulses
Here we advocate the multicomponent (actually two-component) that were spectrally narrower than thes band would make it
picture as a result of our observations of both water and HOD/ possible to study water molecules having similar hydrogen bond
D.0. lengths. For instance, molecules with instantaneously longer
A. Spectroscopy of Water and HOD/DO. The stretching hydrogen bonds could be pumped and the subsequent evolution
bands of water and HODAD are inhomogeneously broadened. toward shorter hydrogen bonds could be probedHowever,
The large (fwhm 356450 cnt?) spectral widths reflect an ~ recent simulations have shown the matter is not so sifile®®
underlying broad distribution of hydrogen-bonding parameters. It turns out there is a considerable dispersion of energies for
The IR and Raman spectra of water are shown in Figure 1. In molecules with a particular hydrogen bond length or strength,
water, the stretching transition-2900-3700 cntl) is com- so such a simple structural interpretation of nonlinear spectro-
plicated by the coexistence of three overlapping transitions: the SCOpy is not possible.
symmetric and antisymmetric stretch and the bending overtone Simulations are excellent tools for examining the underlying
20n,0. In Figure 1a, we used an admittedly crude methdar structures of liquid water. However, determining whether
illustrating the contribution of @y,0 in the voy region. The hydrogen bonds exist between adjacent molecules presents a
measured IR absorption spectrum of the bend fundamental ( problem and usually relies on potentially arbitrary energetic or
= 0 — 1) transitionls(v), centered near 1640 crh was used geometric criteria. With geometric criteria, a pair of molecules
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Figure 3. Computed density of states for four hydrogen-bonded
configurations of HOD/O, reprinted with permission of the copyright
holder, Elsevier, from ref 29. Region | consists mostly of “ice-like”
molecules with approximately four hydrogen bonds, and the other
regions represent molecules with one or two broken bonds.

Wang et al.

water. Subband Il peaked near 3400 ¢rwith fwhm 60 cnT?
andt, = 13 ps was attributed to water with “bridged” hydrogen
bonds. Subband Il peaked near 3440émwith fwhm = 140
cm~ andz, = 3 ps was attributed to water with “bifurcated”
hydrogen bonds. Some less significant subbands were also
invoked to explain the temperature dependence and effects of
201op. Thevou VR lifetime near the band center was given as
T, = 1.0 ps.

In 1999, Gale et al. used two-color mid-IR pumprobe
method&® to measure the VR lifetime ofoy in HOD/D,O.
Their data were interpreted in terms of a VR lifetime that
increased with blue shift, from 0.47 ps at 3270%¢no 0.97 ps
at 3600 cm™.

In our experiment§223.26-2849.50 3 mjid-IR pump pulse is
combined with an incoherent anti-Stokes Raman probe- (IR
Raman technique, a type of 3D vibrational spectrosebpyhe
pump pulse is tuned to generate= 1 excitations of the parent
vibrationvon. Using a multichannel spectrograph, we simulta-
neously monitor the anti-Stokes spectrum over a wide range

are hydrogen bonded if the distance is shorter than a critical (nere 508-4000 cnt?) that includes all stretching and bending

value and the angle is smaller than a critical value. In Figure 3,
reproduced from a recent paper by Lawrence and Ski#ner,
geometric criteria were applied to a simulation of HOBIDto
detail the structures underlying they transition. The overlap-
ping subbands denoted-IV represent the four possibilities

transitions. The anti-Stokes signal is sensitive only to excited
states, including the parentoy plus whatever daughters are
created by parent decd%?’ The anti-Stokes signal is propor-
tional to the instantaneous occupation number multiplied by the
Raman cross-sectidP? which is approximately given by the

bonds and where the O-atom has either one or two or more Stokes signals in the stretching regior2800-3700 cn?) arise
hydrogen bonds. Since the D-atom may have zero or one or0nly from the parenton excitation via they = 1— 0 transition.

more hydrogen bonds as well, subband | correspdadshe
most partto “ice-like” HOD with approximately four hydrogen

In the bending region¢1640 cnt?) the signals arise from,o
daughter excitations created by parent decay, via either the

bonds, the subbands Il and 11l correspond for the most part to = 2~ 1 overtone transitici#->%3%r thev = 1 — 0 fundamental

HOD with three hydrogen bonds, and the subband IV corre-
sponds for the most part to HOD with two hydrogen boffds.

C. Ultrafast Pump—Probe MeasurementsSeveral groups
have used one-color and two-color mid-IR pungyobe tech-
niques to studyon of HOD/D,O. Since comprehensive reviews
of these studies have recently apped?ed;*® here we will

transition. In HOD/BO experiments, signals in they region
(~2800-3700 cntY) originate from the parent via the= 1
— 0 transition?® Signals in the/op region (~2000-2600 cnT?)
result fromvop daughters of both HOD and,D, observed via
the v = 1 — 0 transitions. The signals in théop (~1440
cm™1) anddp,o regions 1220 cnt?) also arise from daughters,

discuss only results deemed germane to the muIticomponentObserved via the fundamental or the overtone transiibns.

versus continuous environment problem.

In 1997, Woutersen et &.used one-color and two-color mid-
IR pump—probe techniques with HODAD to study orienta-
tional relaxation withinvoy via the polarization anisotropy

Differences between the mid-IR probe and anti-Stokes Raman
techniques have been discussed previotidly%51.54Vhereas
anti-Stokes probing sees only excited states, IR probes simul-
taneously see pump-induced transmission changes due to

decay. The anisotropy decay became slower on the red edgeground-state depletion, excited-state induced emission, and
which agreed with the notion that stronger hydrogen-bonded excited-state absorption. Understanding the complicated pattern

environments led to slower orientational relaxation. These

of bleaching and transient absorption effects that reSults

authors went on to assert that the orientational relaxation lifetime requires a good deal of model#g® to incorporate the

did not vary smoothly acrosgon but rather had two distinct
values, 7o, = 0.7 ps andr,, = 13 ps, which was taken as
evidence for a “two-component” structure. The slowly rotating

simultaneous effects of dynamics occurring in the= 0, 1,
and 2 states of the parerngy and in excited states of daughters
generated byon decay. Unfortunately these models require a

component was suggested to arise from molecules that mustdetailed knowledge of absorption cross-sections that have not

break a hydrogen bond in order to rotéeThe water VR
lifetime of T; = 0.7 ps was said tmcreaseslightly moving to
the blue. In subsequent work by the same gtéuyghere one-
color and two-color methods were found to give different
lifetimes, the lifetime was said tdecreaseslightly moving to
the blue.

At about the same time, Laenen et al. used two-color mid-
IR pump—probe techniques to obtain transient spectaf voy
in HOD/D,O between 275 and 345 K. The spectra were

yet been well characterized, for transitions among several excited
stateg6:54

In 2000, De& et al. used the IRRaman techniquéto study
both water and HOD/ED. They observed the generationdgfo
daughters fromvoy decay in water and the generationief,
drop, anddp,o daughters fromvon decay of HOD. VR of both
isotopomers was observed to be faster on the red edge than on
the blue edge ofon. In 2003, our group used an improved
laser apparatus to reexamine wafers It was found thatroy

interpreted with use of three Gaussian subbands. On the basislynamics of water could be explained by using two inhomo-

of Rahman and Stillinger’'s water simulatioffsthe subbands

were assigned to different water structures. At ambient tem-

perature, subband | peaked near 3340 tmith fwhm = 40
cmt and o = 10 ps was attributed to tetrahedral “ice-like”

geneously broadened Gaussian subbdh#fsThe dominant
subband was a broader (fwhm 400 cnt?) red-shifted band
with a peak near 3250 cmh that hadT; = 0.55 ps. Decay of
this red-shifted band occurred via two parallel VR pathw&ys,
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potassium titanyl arsenate mixer crystal for mid-IR generation; DBS Figure 5. Transient anti-Stokes spectrum of water with red-edge
= dichroic beam splitter; PB-= photodiode; Ge= germanium Brewster pumping at 3200 crt and blue-edge pumping at 3600 tmThe

window; IF = 25 cn* fwhm interference filter at 532 nm; HNF narrower peak at the pump wavenumber is a coherence artifact due to
holographic notch filter, CCB= charge-coupled device optical detector.  qpjinear light scattering (NLS). Decay of the parest; excitation

OPAL is tuned from 1.0 to 1.17ém to produce IR in the 250684000- producesii,o daughter excitations with red-edge pumping but not with
cm ! range, and OPA2 is fixed at 532 nm. blue-edge pumping.

VvoH — Om,0 (1/3) andvon — ground state (2/3). The blue-shifted  capacity26.54In AT-dependent studies, we have determined that
subband peaked near 3500 ¢hwas narrower (fwhm~ 200 the VR lifetimes and pathways are minimally affected &Y
cm™) and longer lived, having a 0.75-ps lifetime. Decay of as long asAT is kept below#®54 30 K. In water experiments,
this blue-shifted subband genergtedo detectabléy,o, SO it measurements with mid-band pumping were kept beAdw=
was presumed to occur entirely by they — ground-state 30 K, and measurements with band-edge pumping had even
pathway. Following the nomenclature of those works, we will smallerAT. The HOD/DO measurements use a diluted solution
henceforth term the red-shifted and blue-shifted components of of OH absorbers, so that even with midband pumgighever
the von bandvy, andvg,,. exceeds 8 K. Due to the relative insensitivity of Raman
In previous work’® we presented data indicating thegy scattering, our HOD/BD samples are more concentrafgd 0%
dynamics of water could be explained using two dynamically HOD in D,O) than those used by other labs. However, we do
distinguishable vibrational subbands. In the present work we not believe this presents any problem. The most significant
present data on HODAD along with additional data on water  absorbing impurity in the'oy region is BO; it is only 10% of
to facilitate comparisons between these isotopomers. We will the HOD concentratiof? We obtain excellent agreement with
show that both water and HOD4D are equally well described  the accepted1838yq, lifetime of ~0.9 ps. At this concentration,
with two inhomogeneously broadened subbands, and that athe possibility of intermolecular vibrational energy transfer
comparison of water and HOD allows us to clarify the origin between OH groups is known to be small, based on the
of these two subbands. concentration dependence of the polarization anisotropy décay.

3. Results

A. Transient Raman Spectra. Figure 5 shows transient

The IR—-Raman experimental apparatus has been describedRaman spectra of water pumped near the red and blue edges of
previously+%:56 but we now use an improved laser system. A thewvoy absorption, at 3200 and 3600 chRecall that the signal
block diagram of the 1-kHz laser is shown in Figure 4. A tunable intensity is proportional to the number of excited states and the
mid-IR pulse (25 cm® bandwidth, 37Q:m diameter~0.7 ps, Raman cross-section. With red-edge pumping the decay is faster
variable energy<50 xJ) pumps a free-flowing jet of water. A on the red edge; with blue-edge pumping the decay is similar
532-nm visible Raman probe pulse (15 tnhbandwidth, 400  throughout the band. Below we will explain this as a conse-
um diametery~0.7 ps, typically 25¢J) generates an anti-Stokes quence of having a shorter-lived red-shifted subband, a longer-
spectrum detected by a multichannel spectrogfdpiihe lived blue-shifted subband, and slow interconversion. Parts a
coherent sum-frequency from the surfacewat + wvis IS and b in Figure 5 indicate that red-edge and blue-edge pumping
blocked by slightly tilting the jet. The remaining sum-frequency of voy lead to different VR pathways. Red-edge pumping
signal from the bulk/~5° sometimes termed nonlinear light producesdu,o daughters while blue-edge pumping does not.
scattering (NLS), cannot be eliminated resulting in a coherent The ratio ofvon to dn,0 intensities can be used to determine
artifact. In our anti-Stokes spectra, this artifact appears at thethe absolute quantum vyield for they — Jn,0 pathway?227
same wavenumber as the pump pulse. The time dependence ofhevoy Raman cross-section is about 50 times bigger than the
this NLS artifact is used to characterize the laser time and ¢,,o cross-sectiof (see Figure 1b). The quantum yield fiasy
frequency respongé. — On,0 With red-edge pumping is found to bel/3; with blue-

Of particular concern in water experiments is the largg edge pumping it is-0. Sincevoy of water has only two possible
absorption coefficient that, combined with intense pump pulses, VR pathways,von — On,0 Or von — ground state, the VR
can lead to a large excitation density?85460Effects associated ~ pathways ofvon of water can be summarized asy — On,0
with high-density excitations are characterized by the temper- (1/3) andvoy — ground state (2/3) for red-edge pumping and
ature jumpAT that results after several picoseconds, when VR von — ground state for blue-edge pumpiffg.
is complete. The value afT = Ja/C is determined frond the Figure 6 shows transient anti-Stokes Raman spectra for HOD/
IR fluence, a the absorption coefficient, an€ the heat D,O with 3180-cm! red-edge and 3550-cth blue-edge

2. Experimental Section
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Figure 7. Transient anti-Stokes spectra in thg, region of water with

E:nguzﬁn% ;irtr%rlssign(t:%ntja-nsdtolgﬁj i?gciegcgiﬂn?:)mg%?;‘g?or?ﬁ%%e red-edge 3115-cm pumping. The spectra were fit by using a broader
narrow peak at the pump wavenumber is a coherence artifact. Decayred-shn‘ted Gaussian subband termeg and a narrower blue-shifted

of the parentvon excitation with blue-edge pumping produceso Gaussian subband termef,,, along with a much narrower Gaussian

daughter excitations. Parent decay with red-edge pumping producesfunction to represent the coherence artifact. In watgy,is the major
more vop plus dxop and dp,o. subband and2,, the minor subband.

pumping. As with water, with red-edge pumping the decay rate H,O 3500 cm-' pump
is faster on the red edge, while with blue-edge pumping the 2500 2500
decay rate is similar across the band, and thg decay (@)t=-0.5ps
pathways are dependent on pump frequency. With blue-edge
pumping, the only observed daughtervisp. With red-edge
pumping we observe moep plusdnop anddp,o. Notice that
there is no detectable signal from watgr,o, which indicates
that the HO impurity is not contributing significantly to these
signals. This is not because the ratedafo disappearance is
especially fast in HOD/BD solutions, since with somewhat
greater HO concentrations we do ség,o alongsidednop and

6D20-

Understanding the detailed relaxation pathwaysvgj in
HOD/D,O, especially what fraction of the observed bending o 3000 3500 d000  SLjgenes
excitations should be attributed to the bend fundamentals or wavenumber (cm-)
bend oveftones, is of great curr_ent mte@gﬁ—aa,u,u For the Figure 8. Transient anti-Stokes spectra in thg; region of water with
present simply note that there is a significant dependence ofpjye-edge 3500-cmt pumping. The spectra were fit by using two
the VR pathway on the pump wavenumber, WhICh ha_d not been Gaussian subband§,, andv,,, as in Figure 7.
observed or proposed previously. More detailed studies of these
pathways will be forthcoming. These studies will show that in HOD 3180 cmr' pump
HOD/D0, the first-generation daughters s$y include vop 50001 1600
and both dnop and dxop (notice how thedyop line shape @1=0ps (b)t="1ps
changes with time in Figure 6a). Tldg,o seen in Figure 6a is
not a first-generation daughter géy, because the rise db,0
is slower than the fall ofvon. Instead,dp,0 is a second-
generation daughter generated primarily by thg — vop —
Op,0 pathway.

B. Decomposition into Gaussian SubbandsOur decom-
position ofvoy excited-state spectra into Gaussian subb#iéls
is illustrated in Figures #11. The water data at all delay times
and pump frequencies could be fit by using two Gaussian f
subbands, termevng andng, plus a much narrower Gaussian /i 7N
to represent the NLS artifact. Additional water data of this type 000 2500 3000 3500 4000 3000 2500 9000 3500 400
at other pump frequencies can be seen in Figures 1 and 2 of ref wavenumber (cm-")

28. For the HOD/RO data in Figure 9, we also used just tWwo  Figure 9. Transient anti-Stokes spectra in they region of HOD/
Gaussian subbands plus one Gaussian for the NLS artifact.D,O with red-edge 3180-cm pumping. The spectra were fit by using
However, with higher frequency pumping in HOD/D we two Gaussian subband&, andv2,, as in Figure 7. In HOD/ED,
found it necessary to include a minor subband on the blue edge,v3,, is the major subband.

as shown in Figures 10 and 11. For completeness, in our analysis

of Figures 9-11 we also fit thevop spectral regio#? where C. Time Dependence of Subband Peaks, Widths, and
there is a mixture of excited-state® and HOD, using either ~ Amplitudes. The peaks and fwhm of the two major subbands
one or two Gaussians. But whatever method we used to fit the v&,, andv3,, of wateP8 and HOD/DO vary with time and with

vop region had no effect on our analysis of they region. pump wavenumber, as shown in Figure 12. Figure 12 shows
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Figure 10. Transient anti-Stokes spectra in the, region of HOD/
D,0 with midband 3380-cit pumping. To fit the blue edge, a minor
subband peaked at 3650 thwas added. This minor subband
evidenced the same dynamical behaviongs.
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Figure 12. Time dependence of the peak locations and fwhm of the
vSH (squares) andgH (circles) subbands of water (filled symbols) and
HOD/D,0 (open symbols) pumped on the, red edge, the blue edge,
and in the middle of the band (the HOD pump wavenumbers are in
parentheses). Thef,, subband evidences similar behavior in water
and HOD/DO. Compared to water, in HODAD thevg,, subband is
broader and red shifted.

3500{ eeeooooe*

peak wavenumber (cm-')

that the behavior ong is similar in water and HOD/RD,
whereas’g,, in HOD/D,0 is red shifted by~100 cn® and is
~50% broader than in water. The initial peak locations (riear
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Figure 13. Time dependence of the subband amplitudes in water. NLS
denotes the nonlinear light-scattering coherence artifact that gives the
apparatus time response. (a) With red-edge pumpingv@;he(red)
subband builds up instantaneously and tﬁﬁ (blue) subband has a
delayed buildup. (b) With blue-edge pumping both subbands build up
instantaneously, and at longer delay times both subbands decay with
the (longery8,, lifetime. Thew%,, subband is dominant in water.

HOD/D,0O
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Figure 14. Time dependence of the subband amplitudes in HQD/D
NLS denotes the nonlinear light-scattering coherence artifact that gives
the apparatus time response. (a) With both red-edge and blue-edge
pumping, thevgH (blue) subband is dominant in HOD. (b) With blue-
edge pumping, a minor subband peaked near 3650 (@pen squares)
is added to fit the spectrum. However, the time dependence of this
third subband is indistinguishable from th§,, subband.

= 0) of both subbands can be shifted somewhat by tuning the
pump frequency. Generally speaking, red-shifted pump pulses
pull the initial peak locations farther to the red than blue-shifted
pulses pull the peaks to the blue, and the initial peak location
of ch)H is more sensitive to pump frequency thﬁp. As time
progresses, the subbands typically undergo a blue shift, although
the blue shift is minimal with higher frequency pump pulses.
Regardless of the initial location, it appears as if each subband
peak in each isotopomer tends toward a particular destination
at longer delay. The longer time destinations of the subband
peaks are 3325 and 3525 chfor v, andv2,, of water and
3310 and 3455 cnt for v3,, and v5,, of HOD. The minor
subband on the blue edge of the HOD spectrum never moved
much from a peak location of 3650 ch We view this motion
toward a single destination for each subband regardless of pump
frequency as suggestive that the cited destinations represent the
equilibrium locations of the subband peaks (within an estimated
error of 25 cnt?), with the caveat that due to excited-state
decay we cannot accurately measure beyond delaysigbs.

The time dependences of the subband amplitudes are shown
in Figures 13 and 14. Under almost all conditions, in wéter
the ng subband was dominant (had the greater area) whereas
v3,, was dominant in HOD/BD. With red-edge pumping:sy,
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builds up instantaneously (as determined by the NLS artifact)

3115 (3280) cm! pump

but +2,, has a delayed buildus. The delayed buildup ofZ,, 09
occurs with a time constant that is within experimental error 0.8 1
equal to the, lifetime. Thevy, lifetime is 0.55 ps in water
and 0.48 ps in HOD, with an estimated errord6®.05 ps. The - 0.7 A
v, lifetime is 0.75 ps in water and 0.73 ps in HOD, with an =y
estimated error 0££0.08 ps. With blue-edge pumping in water, g '
bothvgH andeB)H subbands appear to build up instantaneously, % 0.5 -
and they both decay with similar0.75-ps lifetimes. With blue- @
edge pumping in HOD, both major subbands build up instan- © 044 u oH,0
taneously: v3,, decays with a 0.9-ps lifetime and,, decays 0.3 4 ° ®HOD/D,O
with a slightly shorter 0.8-ps lifetime.
We tried to determine whether the minor subband in HOD 0.2 T

2600 2800 3000 3200 3400 3600 3800

near 3650 cm! could be dynamically distinguished from the
wavenumber (cm')

major v5,, subband. In an effort to pump only this minor ) ) )
subband, we made measurements with the pump laser tuned t&9ureé 15. Anti-Stokes data with red-edge pumping (for water 3115

1 L - cmt and for HOD/BO 3280 cn?) analyzed by the single-wavenum-
3680 cn1. We found that within experimental error, both the ber transient method. The effective exponential decay time constant at

minor subband andg,, always evidence the same buildup and each probe wavenumber interval (10 ¢reflects contributions from

decay kinetics and similar amplitude ratios, which leads us to both spectral diffusion and population relaxation, and it evidences a

believe that these two subbands are dynamically indistinguish- continuous increase moving from red to blue.

able. Therefore with the data we have obtained, there is no

compelling reason to believe there are more than two distinct Our Raman data for HOD in the fixed-wavenumber format

subbands in HOD/BD, and henceforth when we refer Q@H appear to agree well with work from three other laboratories,

of HOD/D;O we mean that the,, subband has a dual- who all observe a lifetime of~0.9 ps for the main part (our

Gaussian shape consisting of a larger broader peak with a muchvey) Of the vou transition!®1838 In addition, the effective

smaller (~12% area) narrower peak on its blue edge. decay time constants for HOD in Figure 14 are in excellent
D. Fixed-Wavenumber Transients.Most of the IR probe  adreement with those of Gale et al., who obset¥eelaxation

studies mentioned earlier use a method of data acquisition andimes ranging from 0.5 ps at 3270 cirto 1.0 ps at 3600 crit.

analysis that we ter? “fixed-wavenumber transients”. In this The only comparison possible for water ?s with dat_a from Lock

method the probe wavenumber is fixed and the time delay and Bakker*2580and here we have considerable disagreement.
i i i i 60

scanned. Note our data in Figures 13 and 14 are not single-1N0S€ authors interpreted their mid-IR transiéhts® as

wavenumber transients, but rather time-dependent amplitudesndicating avon decay of 0.26 ps to an intermediate state,
of subbands that undergo spectral diffusion. For the sake of followed by a ground-state recovery of 0.55 ps. This disagree-

. X 601t i iti id-
comparison to other works, we converted our data to the single- ment ;vas debatedbrecenﬁ‘y.. Itis our posmonk;[hat both rf?'d b
wavenumber format. In general, a fixed-wavenumber transient |R @nd Raman probe experiments measure the same effects but

reflect$418the combined effects of spectral diffusion and VR that the mid-IR transient data have been interpreted incor-

With our anti-Stokes Raman probing method, a fixed-wave- rectly 2654 Our data. in.Figu_res 5 and 15 clearly demonstrate
number transient in theow region is a signal that is always that the water VR lifetime is much longer than 0.26 ps. Lock

25 . ; : : 3
positive, which is sensitive to excited-state spectral diffusion and Bakke?_“ explained _the_lr data by postulating an mterme_dl
and excited-state population decay. In mid-IR experiments, ate state with a 0.55-ps lifetime. However, we have made direct

fixed-wavenumber transients usually evidence a complicated andmer?suremleréllts Ofl.?n. |nt€egzn\(/avdlate stét@o, Vr:h.'cr(‘) tzuéns out
nonmonotonic pattern of positive and negative-going ampli- to have a 1.4-ps lifetime:. e assoclate their 0.26-ps time

tuded?® reflecting the simultaneous contributions of spectral constant with the O._35-ps time constant in FigL.”e 15 that arises
diffusion and population relaxation in theoy ground and from spectral diffusion plus population relaxation (our _0.35-ps
excited states and in daughter excitatf§iésuch asdm,o. value presumably results frpm our longer pulse durathn) .and
. . . . the 0.55-ps time constant with our 0.55-ps value for the lifetime
Our fixed-wavenumber transients were fit by convolving the

; R
apparatus response with a single-exponential decay. TheseOf the dominang,, subband.

effectve exponential decay constargsdifferent probe wave- . .
numbers (10-cmt window) are plotted in Figure 15 for water 4 Discussion

and HOD with red-edge pumping. A fixed-wavenumber probe 5 - continuous versus Two-Component Environments.

A oev A i§igure 15 is suggestive thapy of water or HOD/BO can be
from a combination of the 0.5-pg,, lifetime and thevg,, blue described by a frequency-dependent lifetime that increases
shift. This blue shift reduces the decay constant below 0.5 PS, continuously from red to blue. This is the view espoused by
with the amount of reduction dependent on the slope of the geyeral authorsl1218 On the other hand, Figures—12 are

ng subband at the probe wavenumber. The effective decay suggestive of water and HODJD having just two major
constants level off at values around 0.35 ps near the red edgecoexisting and interconverting subbands with different lifetimes.
These values are at best an estint&té}> given our 0.7 ps  The key observation that decides between these views is our
pulse duration, and may well be even smaller. A fixed- discovery that the subbands denote regions of distinctively
wavenumber probe near the blue edge sees~8-psvg,, different VR pathways. In this paper we have shown in Figures
lifetime, plus an additional gradual rise in signal due to the time- 5 and 6 that pumping either subband results in parent decay
dependent blue shift of bothf,, andvg,,. However, the effect  leading to different daughter vibrations. An additional and
of spectral diffusion here is not great, resulting in only a slight significant piece of evidence is given in Figure 2d of ref 27. In
increase of~10% over theugH lifetime. Water,vgH generate®n,o daughters whereazgH does not, and
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Figure 16. Schematic of vibrational relaxation (VR) pathways for both
subbands ofon in water and in HOD/RO. The width of each arrow

is approximately proportional to the rate. BoxﬁH and ’VgH decay to
the ground state with similar rates, biff,, has an additional decay
channel involving the bending vibration that results in a shorter lifetime.

Interconversion between subbands is slower than any observed deca)‘/R

pathway.

this plot shows that the frequency-dependent quantum yield for

von — On,0 generation quite closely tracks thg,, spectrum.
The VR pathways of the two subbands in water and HOD/
D0 are illustrated in Figure 16. In the figure, the relative rates

of each pathway are depicted by the widths of the arrows. Figure

16 is a reminder that the rates of th§, — ground state and

ng — ground-state processes are quite similar and that the

shorter lifetime ofv?,, is due to its having an additional VR
pathway t0du,0. In addition, in HOD/RO the v3,, — vop
pathway is faster than th%H — vop pathway. As explained
above, we did not diagram @y — Jp,0 decay pathway in
Figure 16 for HOD/BRO, becausép,o is asecond-generation
daughterproduced by the’oy — vop — dp,0 process.

The V(R;H subband amplitude in HODAD is always quite a
bit smaller than that in water, but thegH lifetime, peak
location, peak shift, and fwhm are quite similar in both. For
this reason, we were concerned that g subband seen in
HOD/D,O might actually result from the # impurity in the
HOD/D,O sample, where ¥D is about 10% of the HOD
concentration. However, we could rule out this possibility
because’s,, subband decay in water generatggo whereas
v§,, subband decay in HODAD does not.

Although both subbands are inhomogeneously broadened, th
VR lifetime is apparently constant throughout each subband.

Some of the time-dependent changes in peak location and fwhm
seen in Figure 12 might be due to a frequency-dependent

lifetime, but if the lifetime had a significant frequency depen-

dence, the subbands would have a non-Gaussian shape at longer

time that is not observed. Thus the distribution1gfy VR
lifetimes in water and in HOD/BD is seen to be approximately
bimodal, having at most only a narrow spread around the two

distinct values 0.55 ps (0.48 ps) and 0.75 ps (0.9 ps), where

values in parentheses refer to HORID The vy, and v3,
subbands are spectroscopically contiguous regions ofghe
band, within whichy = 1 excitations have approximately
identical VR lifetimes and decay pathways.

The existence of these two distinctive subbands was not seen

in the mid-IR probe studies cited earlier, with either water or
HOD/D,O, for several reasons. We have the ability to distin-
guish subband dynamics by monitoring the pump-frequency

dependent generation of daughter vibrational excitations, which

has not yet been possible with IR methods. With anti-Stokes
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Raman probing we do not have to rely on models to disentangle
the combined effects of intermediate states and excited state
absorptions. Since our Raman spectra need minimal data
processing, and since we simultaneously acquire the signal
across a wide spectral region of 1600000 cnT?, our spectra
have a better signal-to-noise ratio than transient spectra obtained
previously.

B. Interconversion between SubbandsOur data indicate
that subbands interconvert on a time scale of a few picoseconds.
However, it is difficult for us to measure interconversion rates
with high accuracy. The difficulty stems from not knowing how
much of each subband is excited by a particular mid-IR pump
frequency and the problem of disentangling the subband shifting,
broadening ,and VR processes from subband interconversion.
Generally speaking, if the subbands interconverted faster than
about 1 ps, we would not see distinctly different subband
lifetimes. If the subbands interconverted slower than several
picoseconds, results seen in Figures 7 and 9 would be unlikely.
These figures show that with red-edge pumping that excites only
on the two subband amplitudes approximately equalize at the
longest delay times where measurements remain reasonably
accurate, about 3 ps. A quantitative analysis can be made in
the case of water with red-edge pumping, using the kinetic data
in Figure 13a. With red-edge pumping, the initial excitation is
largely v{,,, with the v3,, buildup resulting primarily from the
interconversion processsgH — ng with rate constankinter.

The kinetic equations in this case would be

dgt[vg"'] = —(Ke — Kined[v5Hl + P(t)

d

a[VgH] = kinter[VcR)H] - kB[VgH] 1)
where kg)~* = 0.5 ps andKg)~! = 0.8 ps are the lifetimes,
andP(t) is the 0.55 ps hwhm apparatus time response function.
We fit the data in Figure 13a by varying the value lgfer.
Increasing or decreasirigher < kg 0Or kg affects primarily the
relative amplitudes of thegH and ng populations. The best

fit was obtained with Kinter) ™t = 2 ps.

Another approach to the interconversion process is to look
at literature values for orientational relaxation time constants.
Woutersen et al. givé ~0.7 ps on the blue edge andl0 ps
on the red edge, and Laenen et al., while differing on specifics,
give similar value$. This seems to imply§,, — v2,, inter-

onversion cannot be faster than 10 ps, as opposed to the 2 ps
we estimate. This 10-ps value may be correct, but we wish to
point out how difficult it is to accurately measure 10-ps time
constants in a system with<al-ps lifetime, so we suspect that
the 10-ps value might be an overestimate.
C. Origin of the Two Subbands. Since our experiments
reveal that the§,, andv2,, subbands have different dynamics,
we will first concentrate on understanding the mechanism of
dynamical distinguishability, and discuss structural distinguish-
ability next. The most significant feature that distinguish@,s
is a greater coupling to the bending vibration, which opens up
additional VR channels, and enhances the VR rate. The specific
coupling at issue, a stretch-to-bend couplwfﬁ’.a, is ann-th
order matrix elemeft of the anharmonic potential,

v=0 i 0Q, 0Q; 9d;...09,,_, {Q.a=0}

Q, Q01 n—2 (2)

In eq 2,Q represents intramolecular vibration coordinates for
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stretches @,) and bends @s), q represents bath vibration
coordinates, an¥(Q,q)is the potential surfac®.The operator

in eq 2 allows various combination bands and overtones
Qs01...0n—2 of the bath to exert fluctuating forces @, that
give rise to processes that annihilate the stretghand create

a bending excitation plus — 2 bath excitations. The bath
excitations include hydrogen bond torsions and stretches and
excitations of the continuum of lower frequency collective states.
On the basis of what we know about VR in other systems, it
seems likely that the most efficiemon — On,0 transitions
involve torsions. In water a torsion transition can be observed
in the IR at 675 cm?', with a substantial density of states
throughout the 456950-cnT? region. Hydrogen bond stretches
vy are observed near 180 cfn Thus some representative and
likely von — dn,0 transitions might be

vor(3200 cmi) — 6, 5(1640 cm’) + 27(780 cm )
which involves a quarticn(= 4) coupling matrix element, or

vou(3200 cmi!) — 6, o(1640 cm*) + v,5(180 cm ) +
27(690 cm b

which involves am = 5 matrix element.

There is also another operator similar to eq 2 hadnggir
of Qs coordinates that results in the creation éf;2 plusn —

3 bath excitations. We have previously demonstrateditbat
decay in water produces no detectdb@y,0, so this term is
not needed to describe water. Although preliminary results on
HOD/D,0 indicate that some®op is produced, the extension
of the anharmonic coupling model to include this process is
straightforward and will not be discussed further.

We can think of two general types of explanati&fer the
enhanced/".; coupling inv§,, relative tovS,;; (1) in the red-
shifted +%,, subband\"., coupling is enhanced due to a
smaller energy splitting between the stretch and the bend or
bend overtone, or (2) the®™., coupling is enhanced in%,, as
a result of local environments that favor stronger anharmonic
coupling of the stretch with the bend or bend overtone and
certain bath vibrations. The first possibility may be termed an
energy splitting argumenthe second possibility @onfiguration
argument

Some insights into the nature of the subbands can be gaine
by comparing HOD/BO and water. In Figure 17 we have
plotted the Raman spectra of both isotopomers along with
Gaussian approximations of the Raman spectra of the two
subbands/§,, and+2,,. Since the subband peaks and widths
vary with time, there is some latitude in how to do this, so we
tried to approximate the equilibrium spectra of the subbands
by using the longer time parameters from Figure 11. Figure 17
makes an important point. Thé,, subbands in both water and
HOD/D,O havealmost the same spectrufpeak maximum,
fwhm) and similar dynamicgVR lifetime, VR pathways);
however, in HOD/RO »§,, hasa much smaller amplitude

The red-shiftedv?,, subband with its enhanced”., cou-
pling should be associated with configurations having stronger
hydrogen bonding, and these might well be what are termed
“ice-like” configurations. This association is strengthened due
to the strong resemblance of,, to the spectrum of the
subband in Figure 3 denoted | by Lawrence and Skidhé&n
additional connection can be made by noting that the
lifetime in HOD/D,O (in our language this refers to the
dominantvgH subband) is known to drop suddekyrom 0.7

4

Wang et al.
(a) o~ ——Wwater
2500 4000
(b)
2500 3000 3500 4000

Figure 17. Spectra (Gaussian approximation) of the two vibrational
subbands’5,, andvg,, of water and HOD/BO (v = 1 — O transitions)
compared to the Stokes Raman spectras(0 — 1 transition; dashed
curves). We used the longer time peak locations and fwhm data from

Figure 12 to calculate the subband spectra. fhesubbands in water
and HOD/DO are quite similar except for the greater amplitude in
water. Thevg, subband of HOD/BO is broader and red shifted
compared to water.

to 0.4 ps when the HODAD freezes into ice. We believe these
conclusions, that thegH subbands in water and HODJO are
almost identical except for amplitude and that the red-shifted
spectrum and shorter lifetime of,, should be associated with
ice-like structures, are keys to help understand the structural
origin of the subbands.

These conclusions appear to rule out the energy mismatch
argument because while th}éH properties are similar in water
and HOD/DO, the mismatch is different. The stretch-to-bend
mismatch is about 200 crhlarger in HOD/DO and the stretch-
to-(bend overtone) mismatch is completely different: in water
von and du,o are resonant, but in HODAD von and Drop
are split. In the water-to-ice lifetime measurement of Woutersen
and Bakker? freezing affects the configuration but not the
energy mismatch, seemingly confirming that the lifetime dif-
ference betweeng,, and v%, can result from a structural
change from a liquid-like to an ice-like environment.

Owing to the difficulties in making structural interpretations
with use of vibrational spectroscopy aloHe?® this section is
ecessarily brief. Stronger “ice-like” hydrogen bonding appears
be associated with enhancéf?., coupling. A difficult issue
is why the v, subband amplitude is lower in HOD4D
relative to water. We do not yet have a convincing explanation
for this. However, we think the focus should be on one notable
difference between the two systems. In HOBIDVoy is a single
excitation mainly localized on the OH moiety whereas in water
there are two different kinds (symmetric and antisymmetric) of
von Vibrations, both delocalized over the entire molecule. How
these delocalized vibrations lead to greater anharmonic coupling
we can only speculate. Possibly the amplitudecpgjis greater
in water because there are more ways that can participate
in strong hydrogen bonding (the O-atom and both H-atoms)
than in HOD/BO (the O-atom and only one H-atom).

5. Conclusion

We have shown that two dynamically distinguishable con-
tiguous spectral regions (subbands) exist within the bangof
excitations inz = 1 of both water and HOD/ED. These two
main features, termed?y, and v2,, evidence stronger or
weaker anharmonic coupling between the stretch and bend
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