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We report on a two-color mid-infrared pump—probe spectroscopic study of the dynamics of the OH
stretch vibrations of HDO molecules dissolved in a concentréit®dV) solution of NaOD in BO.

We observe that spectral holes can be created in the broad OH stretch absorption band that change
neither position nor width on a picosecond time scale. This behavior differs strongly from that of
pure HDO:D,O where rapid spectral diffusionr{= 600 fs) occurs. The long-living inhomogeneity
indicates that a concentrated aqueous NaOX (¥D) solution has a very static hydrogen-bond
network. The results also show that the absorption band of the OH stretch vibration consists of two
separate classes of OH groups with very different vibrational lifetimes. For component |, the
lifetime of the OH stretch vibration is-600 fs and increases with OH frequency, which can be
explained from the accompanying decrease in the strength of the hydrogen-bond interaction. This
component represents HDO molecules of which the OH group is bonded (@ arlecule via a

DO-H --OD, hydrogen bond. For component I, the lifetime-sl60 fs, and does not show a
significant frequency dependence. This component represents HDO molecules that are hydrogen
bonded to a DO molecule or an OD ion. The short, frequency-independent vibrational lifetime of
component Il can be explained from the participation of the HDO molecule and its
hydrogen-bonded partner in deuteron and/or proton-transfer process@)0ZAmerican Institute

of Physics. [DOI: 10.1063/1.1510670

I. INTRODUCTION Even for a weak base, the hydrogen bond between water and
) ) ) the base ion is much stronger than that among water mol-
Dissolving a salt in water leads to a strong change of the,;jes or between water molecules and halide ions. As a
viscosity of the liquid that is believed to result to a Iargeresu“, the difference between the hydrogen bond and the
extent from the ion-induced changes of the structure of the ;.\ s1ent OH bond gets blurred. A special example of this
hydrogen-bond network that links the water molecdiés. blurring is when the left and right side of the reactidn.

Recently, experiments showed that water molecules in th&)] are identical, which happens if the base is a hydroxyl
solvation shells of negative ioris.g., CI') behave very dif- (OH") ion.

ferently from those in bulk waté‘rFor example, the hyd_ro— Infrared spectroscopy forms an ideal method to study
gen bond length DO-H-CI™ varies on a much slower imeé 4r5gen-bond interactions, because the absorption fre-
scale (~12 pg than the otherwise comparable hydrogeng,ency of an OH stretch vibration is strongly correlated to

bond DO-H--OD, between two water moleculés-500—  he |ength of the hydrogen bond between its H atom and a
700 fsr”é)' . L . . neighboring atonfusually O, N, or a negative ignHigh and

. An interesting question is what happens if the negativg,,, oH stretch frequencies correspond to lafweeak and

ion is a base B that can accept protons or deuterons fromshort(strong hydrogen bonds, respectively. The highest OH

neighboring water molecules according to stretch frequency occurs in the gas phésut 3700 cm?);
for extremely strong hydrogen bonds, the OH-stretch fre-
HO-H--B"—HO™---H-B. (1)  quency can become as low as 800 ¢niRefs. 7—11

Figure 1 shows infrared absorption spectra of OH groups

dCurrent address: Department of Chemical Physics, Lund University, BoxIn different environments. The dashed curve represents the

124, SE-221 00 Lund, Sweden. spectrum of liquid QO with a small amount of D atoms
PElectronic mail: h.bakker@amolf.nl substituted by H atoms, yielding an HDO inO solution for
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FIG. 1. Absorbance spectra of O—H groupdanHDO in D,O and(b) 10

M NaOD in D,0 in which a small fraction of D atoms is substituted by H £, 2. Different classes of OH groups in the NaOX solutidia)
atoms (referred to as NaOX solutionA background of a puréunsubsti-  po_p..0D,; (b) DO—H--OD™; (c) DOD---O—H". These are limiting

tuted sample was subtracted. The small curves on the bottom indicate thgases: in reality, there will be intermediate cases with a more delocalized
excitation spectra used in the experiments. The NaOX solution has a slightlyharge.
larger concentration of H atoms than the HDO solution.

, , hydrogen bonds due to their negative chaftjéhe resulting
which the OH stretch absorbance spectrum has a width %ng and weak OR---OD, hydrogen bondé” cause their
270 cm ! and a central frequency of 3405 cf The solid frequency to be rather high.
curve represents the spectrum of a protonated 10 mol/l Up to now, most knowledge on the effect of Okbns in

NaOD in DO solution. In this case, a mixture containing 4 jiquid solution results from non-time-resolved experiments,
OH groups both in OH lons and in HDO Enolecu_les IS 0D~ sych as infraréd and Ramalf spectroscopy, dielectric
tained (further denoted as “NaOX solution” The high con-  rg|axation® and neutron diffractio° Extensive data on the

centration of O_D ions has a remarkable effect on the OH geometry and thermodynamic properties of the solvated
stretch absorption bam_j. The spectrum broadens strongly t@5p4- ion are available from calculatiorsee, for example,
wards Ici\iver frequencies, and a shoulder appears aroungets 16, 17, 21, 22, and the references to experimental work
3600 cm ~. therein. Direct information on the dynamics has only been
The very broad absorbance spectrum of the NaOX solupyided byab initio molecular-dynamics simulations. These

tion is rigtlsunderstcio_d in detail, but has been interpreted agimy|ations showed that the structure of the hydrogen-bond
follows.™**The Na' ions have no direct effect on the OH aotvork  and proton/deuteron  transfer are  strongly

stretch spectrum, because water molecules do not form hY'eIated%“'zs and that the proton is delocalized in a®
drogen bonds with positive ions. In contrast, the OKX complex'®

=D,H) ions are embedded in the hydrogen-bond network, |, this paper, we present an experimental study of the
and the OH groups can have many possible configurationg,icroscopic structure and dynamics of water in a strongly
with respect to their direct environment. Roughly, we can,ajine solution with time-resolved mid-infrared spectros-
distinguish thre? categories for thgsg OH groups. In the rang&py. We found that this method provides much more infor-
3200-3500 cm’, we see the majority of HDO molecules, mation on the dynamics and structure of water molecules in
which donate hydrogen bonds to other HDO of@mol- 5 girongly alkaline environment than was obtained before

eculedas in Fig. Za)]. This is comparable to the situation of with conventional spectroscopic techniques.
HDO dissolved in DO [Fig. 1(a)], except that the central

frequency is shifted to a somewhat lower value. This mean

that hydrogen bonds are, on the average, shéared stron- ﬁ EXPERIMENT

gen in the NaOX solution than in HDO:BD. This is not In a mid-infrared pump—probe experiment, an intense
surprising, given the overall higher density of oxygen atomsnfrared pulse(pump pulse tuned to a specific frequency
at this NaOD concentratiof62 mol/l, compared to 56 mol/l (ranging from 3030 to 3500 cr) excites a significant frac-

in plain watej. tion of the molecules from the vibrational ground=0)

At lower frequencies, the absorption results from HDOstate to the excitedv(=1) state. This causes a transient
molecules that form strong hydrogen bonds with Oldns  change in the absorbance spectrum: around the pump fre-
[Fig. 2(b)]. Depending on the exact geometry and the rel-quency, the absorbance decreases, whereas at lower frequen-
evant interactions, the complex may also be described as aies, corresponding to the=1—2 transition, the absor-
HD,O; , HDgO, , or HD;O; complex!*~1" The OD ion  bance increases. This so-called transient spectrum is obtained
can easily accept protons or deuterons from neighboringy measuring the absorbance of an independently tunable
HDO or D,O molecules. probe pulse. After the excitation by the pump pulse, the tran-

Finally, the shoulder at 3600 ct is attributed to the sient spectrum will rapidly return to the thermal equilibrium
OH™ ions [Fig. 2(c)]. OH™ ions are only weak donors of spectrum. This relaxation process can be followed in time by
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varying the time delay between pump and probe pulses, 2900 3000 3100 3200 3300 3400 3500 3600
which thus provides information about the dynamics of the . ['= 08ps . @
NaOX solution.

0.04

A. Infrared generation o2

To generate the infrared pump and probe pulses, we used
a commercial titanium—sapphire amplifi€Quantronix Ti-
tan) that generates 3 mJ, 100 fs pulses at a wavelength of 805
nm and a repetition rate of 1 kHz. These near-infrared pulses
were split into two separate branches; one, containing most g s
of the pulse energy, for the pump pulse generation and one g
for the probe pulse generation. In each branch, part of the a 0.00
805 nm pulse pumped an optical parametrical generation and
amplification stage based ongabarium boratgBBO) crys-
tal (Light Conversion Topas This stage generated pulses
with a wavelength tuned in the range between 2100 and 2250
nm. In another BBO crystal, a second-harmonic-generation 0.005
process converted these pulses to the range 1050—-1125 nm
that were used as a seed for a parametric amplification pro-
cess pumped by the remaining 805 nm light in a potassium -0.005
titanyl phosphatgKTP) crystal. In the latter process, mid- 5900 3000 3100 3200 5300 3400 3500 3600
infrared pulses are generated that are tunable in the range Frequency (cm~")
2800-3450 nm(3600—-2900 crmt) with a pulse duration of

N . . FIG. 3. Transient spectra of the NaOX soluti¢tata points at several
250 fs and a full width at half maximuntFWHM) of different pump—probe delays, for excitation (aj 3290, (b) 3405, and(c)

~80-120 cm’ The pump pulse energy was typically 3500 cm® The bleaching is defined asA = In(T/T,). The data points at

10-20uJ, and the probe pulse energy was typically.d the bottom of each plot indicate the pump pulse spectra. The drawn curves
result from Eq.(8) with the parameters from Table | and the dashed curves
represent the linear absorbance spectisse also Fig. 1 that is much

B. Sample broader than the bleaching bands.
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The sample consists of a 2Q@m-thick layer of a 10
mol/l solution of NaOD in DO (a concentrated NaODJ®»  the probe, and is the reference transmission of the probe
solution was obtained from Sigma-Aldrich, which was ap-pulse, without the effect of a pump pulse. In each measure-
propriately diluted, in which a small amount of the deute- ment, we measured the absorbance changé) for a large
rium atoms was replaced by hydrogen atoms, such that theumber of delay values while we kept the pump and probe
transmission of this sample in the range 2900-3600'cm frequencies @pu and wy,, respectively fixed. This proce-
was approximately 4%, corresponding to a D:H ratio ofdure was repeated for a number of pump and probe frequen-
about 100:1. The sample is held in between two 4 mm-thiclcies, which thus yields a three-dimensional data set
calcium fluoride windows. Aa(wpy, wp,t).

The sample was at room temperature and at a fixed po-
sition in the laser beam focus, which leads to some heatingjl. RESULTS
of thg sample. By numerically solving. the heat diffu;ion A. Transient spectra
equation in the sample and sample windows, we estimate
that the maximum temperature increase was 1foK 20 uJ By combining experimental data for different probe fre-
pump pulses in a focus with a 108m diametey. All results quencies, we constructed transient spectra of the NaOX so-

presented in this paper are, therefore, for a temperature lution for excitation at pump frequenciesy,,= 3290, 3405,
=303+6 K. and 3500 cm®. Figure 3 shows these transient spectra for

delayst=0.5 ps. From these spectra it follows that the OH
absorption band of the NaOX solution is strongly inhomoge-
neous: The bleaching signals are much narrower than the
The pump—probe setup is a slightly adapted version ofinear absorbance spectrum and the frequency of the maxi-
the one described in Ref. 24. Here, we use separate Calfnum bleaching signal depends strongly on the pump fre-
lenses to focus the pump and probe pulses intel@0 um  quency, even at larger delay times2 pg. This means that
diameter spot in the sample. A half-wave plate rotates thé¢éhe excitation leads to the formation of a spectral hole that
probe pulse polarization to the magic angl.7 degregs persists on a picosecond time scale. This is in contrast to the
with respect to the pump pulse polarization, in order to besituation in HDO:B0,>%?>2%where the bleaching rapidly
insensitive to the reorientation of the excited molecdfes. acquires the shape of the linear absorbance spectrum.
With a chopper, every other pump pulse is blocked, which  The spectral holes shown in Fig. 3 have a full width at
enables the measurement of the absorbance change half maximum(FWHM) of approximately 200 cm® and are
—In(T(t)/Ty), wheret is the time delay between the pump much broader than the convoluted spectrum of the pump and
and probe pulsed[(t) is the corresponding transmission of probe pulses. This implies that the OH stretch absorption

C. Pump—probe setup
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FIG. 4. Pump—probe scans on the NaOX solution for different pump and probe pulse freqiéatzEegmints The data are plotted logarithmically agAny.
Data points with open symbols correspond to bleachikig<0); filled symbols correspond to induced absorbante ¥ 0). To aid comparison, the curves
and data points are shifted vertically—the true amplitudes can be read from Fig. 3. The curves result ft8mnit. parameters from Table |. The two
curves with singularities are explained in the last paragraph of Sec. Il D.

band of the NaOX solution is not purely inhomogeneouslystretch absorbance band with a very short vibrational life-
broadened, but also contains a broadening contribution of ame. The time constant of the fast initial componémtther
fast spectral modulation process. The characteristic timéenoted as component)lis ~160 femtoseconds, which
scale of this fast spectral modulation process is on the ordeneans that it is approximately four times faster than the de-
of a few hundred femtoseconds, because the shapes of tiay of the slow componeitturther denoted as componeit |
spectral holes only show changes at deley&5 ps.

Figure 4 shows typical pump—probe delay scans at vari€. Modeling of the transient spectra and delay scans
ous (wpy,@p) combinations. At delays-0.5 ps, the experi-

mental data show a more rapid decay for lower probe fre- The spectral hole burning results of Fig. 3 show that the
OH absorption band of the NaOX solution is strongly inho-

guencies than for higher frequencies, in both the bleachin%1 v broadened. but al tai line broadeni
band and the induced-absorbance band. This observationOgeneousy roadened, but also contains a fine broadening

shows that the vibrational lifetim&, of the OH stretch vi- contribution due to a fast spectral modulation process. The

bration depends on frequency. Indeed, it has been found bgpe shape resulting from the fast spectral modulation process

fore that the value off, decreases with decreasing OH can be described with a Gauss—Markov model or with an

L oyerdamped Brownian oscillatSrmodel. These models both
stretch frequency, as a result of the accompanying increase 8escribe the spectral diffusion as a stochastic modulation of
the strength of the OH-O hydrogen-bond interacticii:?® P

the transition frequency within a Gaussian spectral distri-
bution f5(w) with central frequencywg and standard devia-
tion Ag.

Most of the pump—probe delay scans shown in Fig. 4 2
deviate strongly from single-exponential decays and decay fa(@)=exp(—(w—wg)/2Ap), @)
significantly faster at small delays than at large delays. Thi§he rate of the stochastic modulation is characterized with a
fast initial decay is also visible for high pump and probetime constantr. for the exponential decay of the autocorre-
frequencies, which implies that it cannot be explained fromlation function of the detuning from the central frequermgy
the increase of'; with OH frequency. One might think that N2
the fast initial decay results from the same fast spectral {(o(t)~wg)((0) — wg)) =Age ™™, ©
modulation process that leads to the large width of the spedAith increasing value ofr;, the shape of the spectral re-
tral holes shown in Fig. 3. The presence of a fast spectraponse changes from a Lorentzidhomogeneous limit,
modulation process implies that a relatively narrow bleachAg7.<1) to a Gaussiafinhomogeneous limitAgr>1).
ing band should appear in the transient spectrum that directly  In our experiments, only a small spectral diffusion effect
after excitation broadens and decreases in amplitude. Therat short delays is observed, which indicates that on the
fore, for equal pump and probe frequencies, the spectrairder of the pulse duration, i.e~200 femtoseconds. From
modulation would cause an initial rapid decay of the absorthe width of the spectral holes of Fig. 3 it follows that the
bance change, since this decay results from both the spectrstandard deviatiod gz of the Gaussian distribution of the fast
diffusion and the vibrational relaxation. For pump and probemodulation process is-65 cm 1. Hence,Ag7.~2.5 (note
frequencies that differ, the initial decay would be slower,that 1 cmitis 0.18 ps?), which implies that the fast spectral
because then the molecules would diffuse into the spectrahodulation process is in the inhomogeneous limit. This
window of the probe leading to @artial) compensation of means that the spectral response of the fast modulation pro-
the decay caused by vibrational relaxation. However, the fagtess should have @early Gaussian shape, which agrees
initial decay is also observed in data sets where the pumpell with the observed shape of the spectral holes.
and probe frequencies differ. Hence, the initial decay cannot The transient spectra and transient delay scans as mea-
be the result of spectral modulation, but instead likely represured in a two-color pump—probe experiment depend not
sents an independent absorbance component of the Oohly on the shape of the linear01 absorption, but also on

B. Dynamics at small delays
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the spectra of the 10 stimulated emission, the 12 (a) =i ) =0 A
excited-state absorption, and the pump and probe pulse proy - g T A
erties. All these effects on the shape of the transient spectr. g § § 31J\
can be accounted for in an analytic description of the Brown- v_l\ én m L Bor o
ian oscillator in the overdamped and inhomogeneous limit B ! Opr
5,29 = o 12 ©p
(Ag7e>1).> 2 g
In the Brownian oscillator model, spectral diffusion re- 5§ T & e f (@) 1> 3

sults from diffusion in a harmonic potentiéiBrownian os- \ s £ By, S

. . ” . . : < A
cillation”) of a low-frequency coordinate. In this case, the v=0 = Bl e
low-frequency coordinate is the hydrogen-bond lengh - = 0 -~
. o : B - e Opr
i.e., the O—H--O length. The fact that the excitation fre- e 25 s T e

R, RiRy R e anh _; O®sto

guency of the OH group depends roughly linearly Bn
(Refs. 7 and Bimplies that the hydrogen-bond potential of FiG. 5. In(a), schematic potentials of the Brownian oscillator model, for a
the excited stater(=1) has its minimum at a different value single central frequencyg are shown. The potential energy is a function of

of R [see Fig. §a)]. After the excited population has equili- the hydrogen bond lengR for every state of the OH stretch vibration and

e _ . _ . is approximated by a parabolic potential. The central frequency for a thermal
bra_ted_ within t_hev_ 1 pOtentlaI’ they 1_’9 StlmU|atEd opulation(shaded arean the ground-state potential isg . For a thermal
emission contribution to the pump—probe signal is centere opulation at the bottom of the=1 potential, they =1—0 transition fre-

at a frequencywp— Swsty, Where dwgy, IS the Stokes shift  quency has a Stokes shiftvg, and they =1— 2 transition frequency has an
[Fig. 5(c)]. This Stokes shift and the standard deviatibg anharmonic redshiféw,,,. The relative position of the =2 potential is
have the relation defined bya=(R,—R;)/(R;—Ry). In (b) and(c), the contributionsB;; to
the transient spectruifEq. (5)] are shown schematically, for a pump fre-
S = ﬁAZ/k T (4) quency slightly larger thamg . The dashed line indicates the linear absor-
sto B 7B bance spectrum.
wheret: is Planck’s constant divided byr2andkg is Boltz-
mann’s constant.
In the limit that: (a) The Brownian oscillator is over- _
damped,(b) the stochastic modulation is in the inhomoge- %8 OH B/ ®ga '
neous limit, an_dc) th_e timet is Iarger than the cor_relation where wgae= 3707 cm ! is the frequency of the OH stretch
time 7., a relatively simple expression for the transient specvipration in gas-phase HD&, and 7o, is a constant. This
tral response is obtained relation results from quantum-mechanical calculations on the
B(wg wn, o) =Ae UT1@8)[ B + B, — gB,], 5 cpupl[ng between the hydrogen bqnd and the OH stretch
(@8 @pu: 0pr) [BortBro= 0B, (9 vibration®! and was verified for a wide range of hydrogen-

with components bonded complexés and for HDO molecules dissolved in
1 D,0.%®
A= Zexp — (wpy— wB)Z/Z(Aé—ASU)), (6a From the results of Fig. 3, it follows that the OH stretch
D absorption band has persistent inhomogeneous character.
B —exq — _ 2/2D2), 6b Hence, to descr!be the total.tran3|e.nt spectral response, the
o A~ Lwp ol ) (6b) response of a single Brownian oscillator should be convo-
B1o=exp( — [ wp— w30]%/2D?), (6c)  luted with an inhomogeneous distribution function. In addi-
e os tion, the presence of two independent absorbance compo-
B1o=exp( —[wp— w12]7/2a°D7). (6d)  nents with different vibrational lifetimes should be accounted
2 A2, A2 for. Each of these components is thus modeled as a Gaussian
D =Ag+A7, (6e) . o : ;
P inhomogeneous distribution of Brownian oscillators
W|th Wo1= W, ®Wip= Wp— 5(,Ust0, and W1= wWp— 5wanh,
v_vherea‘w?nh is the aphqrmonic shift of the OH stretch vibra- S(@pys @pr, 1) = j dwgl ¢/fi(wp)Bi(wg, wpy, @pr,t)
tion. In this expression it is assumed that the pump and probe
pulse spectra are Gaussians with central frequengjgand +¢yfpi(wg)By(wp, @y, pr, )], (8

oy and standard deviations,, and A, respectively. The .
total signal has an amplituda that is determined by the Where Iand Il denote the two absorbing componentsfand

represent the contributions to the signal for thei—j tran-  €ach of the two components. Since we do not have any

sitions. The Gaussian contributioBs; andB, have identi- ~ Priori information on the exact composition of the linear
cal standard deviation®, andB;, has a standard deviation @bsorption spectrum of the NaOX solution in Fig. 1, we take
aD, wherea is a scaling factor(see Fig. 5. Figure o)  fxito be Gaussian

shows the(qualitative behavior of the componeng; . The £ —exy — _ 21902 ) (x=1.1I 9
quantity o is the relative cross section of the=1—2 tran- xi(@8) = XA~ (wg— w0 /245 ), (X=L11). ©
sition as compared to the=0—1 transition. We find that Eq(8), convoluted with the pump—probe pulse

The terme~VT1(“8) represents the frequency-dependentcross correlate, provides a very good description of the ex-
vibrational lifetime of the OH stretch vibration. This depen- perimental data of Figs. 3 and 4. The parameter values that
dence on the OH stretch frequeney can be described as result from a fit of these results are shown in Table |I.
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TABLE I. Model parameter$Egs. (2)—(9)] for the NaOX solution. Sec. Il D describes how these parameter
values are obtained.

Parameter Value
Component | central frequency w0 3336 cm'!
Bandwidth Brownian oscillatér Ag 65 cm !
Inhomogeneous bandwidth Ay 78 cm't
Anharmonic redshift S0, anh 284 cm't
Stokes shift 3050 20 cmit
Scaling factor for displacement=2 a 2.6
v=1-2 relative cross section o 15
Vibrational lifetime prefactof T, ;(wg) = Ton(1— wg/®gad ~18) ToH 6.7 fs
Component Il central frequency 0 3429 cmt
Bandwidth Brownian oscillatér Ayg 81 cm?
Inhomogeneous bandwidth Ay 115 cm'?
Anharmonic redshift S0 ann 245 cm't
Stokes shift 3y 510 32cmt
Scaling factor for displacement=2 ay 0.7
v=1—2 relative cross section oy 1.6
Vibrational lifetime Tua 0.16 ps

#Bandwidths refer to standard deviations of Gaussian line shapes. To obtain the FWHM, multiply by 2.35.

D. Fit procedure and results the bleaching and induced absorbance at a particular fre-
For delayst=0.5 ps, the shape of the transient spectraquency_ compensate each other is extremely sensitiye to the

and transients is nearly entirely determined by component £XCt line shapes of the=0—1 andv=1—2 contribu-

with parameterso, o, A g, Ai, 8w @, androy. The tions, which explains why the smgulanty in the e.xpenmental

Stokes Shiftﬁw,ystonyIIOWS from AI,B’[EQ- (4)]. Hence, these data and the model are at somewhat different time delays.

parameters are determined by a simultaneous least-squares fit
on the transient spectra at a large number of delays I\)' DISCUSSION
=0.5 ps. Subsequently, we use these fit results in a fit of the In plain HDO:D,O, spectral diffusion covers the entire
transients as a function of delay tint@s in Fig. 4, to deter- OH stretch absorption band of the linear spectrum, with a
mine w0, Ayg, Ayis dwyann, @y, Ty, €, andcey. correlation time of~600 fs. Such a type of spectral diffusion
The formal errors in the parameters in the fits were fairlyis completely absent for the NaOX solution, for which the
small (typically a fraction 10° of the parameter valje absorption spectrum is inhomogeneously broadened on at
However, the model assumes that the pulse spectra, pulseast a picosecond time scale. This means that the hydrogen-
time envelopes, and inhomogeneous and diffusive bandsond network, which determines the spectral broadening of
widths all have ideal Gaussian shapes. The fact that the trude OH stretch vibration, is immobilized by the presence of a
shapes are not Gaussian is most likely a more significant, bitigh concentration of Na and OX ions. Neutron diffrac-
very difficult to calculate, source of errors. Therefore, we dotion experiment® recently showed that the O—O radial dis-
not show the formal errors, because these are not represetnibution function, which is related to the structure of the
tative of the true uncertainties. NaOX solution, is indeed very different from that of water.
From the parameter values shown in Table | it is clearApparently, the disturbed structure of the hydrogen-bond net-
that the two absorbance components mainly differ in theimwork allows only for small rapid fluctuations, leading to a
vibrational lifetime. Component Il has an extremely shortnearly instantaneous broadening of the spectral holes. The
decay constanT ; of ~160 fs that is independent of the NaOX solution has a high density of the NaOX soluti@2
pump and probe frequencies within our experimental accuM O atomsg with respect to plain wate(56 M O atoms.
racy. In contrast, the vibrational lifetime of component | doesHowever, this high density is not likely the direct cause of
strongly depend on frequency. This frequency dependence the slow hydrogen-bond dynamics; from the compressibility
well accounted for by Eq(7). Due to this frequency depen- «=45x10 ° bar ! (Ref. 39 of water, we estimate that wa-
dence, the transient spectra shift slightly towards higher freter reaches a 62 M O-atom density at a pressure of 2.6 kbar.
quencies with increasing delay, because the lower-frequendyrom the neutron diffraction datd,the equivalent pressure
parts of both the bleaching bands and the inducedwas estimated to be even higher, i.e., 9 kbar. However, the
absorbance bands decay slightly faster than their highereorientation time of water, that is closely related to the
frequency counterparts. This also means that the frequendyydrogen-bond dynamigghanging the orientation of a wa-
with zero absorbance change shifts towards higher frequerier molecule requires stretching and/or breaking its hydrogen
cies. This effect causes the singularities in tlegarithmi-  bond®), changes by only~17% going from ambient pres-
cally plotted curves for w,=3250 cmin Fig. 4b) and  sure to 4 kbar, or by 20% at 9 kb&This small effect of the
wp=3330 cm t in Fig. 4(c), which show a transition from density is confirmed by the behavior of the viscosity. The
bleaching to induced absorbance. The delay value at whichiscosity of water, also related to the making and breaking of
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0.4 F T T T T T T T L tion is represented by the Brownian oscillator mofigd.
0s (%0 6004 cmnT8Tggzs 3 3 (5)]. Here we observe that this spgctral modulation results in
an almost instantaneous broadening of the spectral holes ob-
02 7 served in Fig. 3. Recently, infrared photon echo
< O1F . experiment¥ showed that the OH stretch vibration absorp-
g _Iproberl3400 clm” . . . . . o tion band in wate(HDO in D,O) contains a component due
_"g 04 T | T J I J f T T to rapid spectral modulations with a half-width,
< .al Tiang;535388 % § § } :% T_ =60cm 1. The same result was found in spectral hole-
' } burning studies of the OH stretch absorption band of
02 7 HDO:D,0°. Likely, the rapid fluctuations that are respon-
01 . sible for the broadening of the spectral holes observed for the
| probe: 3280 cm™ | NaOX solution are of the same nature as those causing the
S S TSraT id echo d d broad spectral holes observed f
0 02 04 06 08 1 12 12 1o rapid echo decay and broad spectral holes observed for
delay (ps) HDO:D,O. This is in good agreement with our finding that
A|,B: 65 Cm_l.

FIG. 6. Rotational anisotropy of a 10 M NaOX mixture pumped at 3400 ; ; : _
cm ! as a function of delay. Only at small delays, a small decay of the Since, apart from the absence of spectral diffusion, com

anisotropy is observed, for longer delays the anisotropy stays nearly cofPonent I behaves similarly to HDO in;D, it is likely that
stant. Component | corresponds to HDO molecules that are hydro-
gen bonded to BO moleculedFig. 2(@)]. Component Il dif-
fers from component | in showing an extremely fast vibra-
hydrogen bonds, increases by only 20% and 80% for 4 and Bonal relaxation(~160 fg. The spectral response of this
kbar, respectivel§® In contrast, the viscosity of a 10 M componeniTable ) is quite similar to that of component |,
NaOH solution is a factor 13.5 larger than the viscosity ofwhich suggests that the OH groups forming component II
pure watef? These considerations suggest that high chargéave O—H--O hydrogen bond lengths similar to those of
density, rather than high particle density, is responsible focomponent I. Therefore, the mechanism of vibrational relax-
the absence of subpicosecond hydrogen-bond dynamics foradion of component Il must be different from that of compo-
concentrated aqueous solution of NaOD. nent | or that of watet® Component Il is likely related to OH
Additional support for the observed absence ofgroups of HDO molecules that are hydrogen bonded 406 D
hydrogen-bond dynamics is provided by data on the reorienmolecules or OD ions that show proton or deuteron ex-
tation of OH groups in the NaOX mixture. We performed change, as in Fig. (B). According toab initio molecular-
polarization resolved measurements similar to the pump-dynamics simulations on the solvation of ODRefs. 14 and
probe delay scans of Fig. 4 on a 10 M NaOX solution, where23), there are two solvation structures of the Obn: (a)
we excited with a pump frequency of 3400 chand mea- DyO5 , which is relatively stable, antb) D;O, , in which
sured the absorbance change(t) separately for parall€l)) rapid deuteron hopping can occur. Structufas and (b)
and perpendiculatl) probe polarization? From these data, transform into each other typically every 2 to 3 ps. The deu-
we calculated the rotational anisotropy teron transfers in structur@) occur typically with intervals
B of 40-100 fs and require only very small changes of the
Agy(t)—Aa, (1) - S
) (10) positions of the individual oxygen atoms. At each deuteron
Ay() +2ha, (1) transfer, a DO molecule is transformed into an ODion
The pump pulse preferentially excites OH groups that aréand vice versp which effectively changes the position of
approximately parallel to the polarization of the pump pulsethe complex in the global hydrogen bond network, since with
such thatR=0.4 att=0. The decay oR indicates to what each hop, one D molecule leaves the complex and another
extent the OH groups can change reorientation; free orient@nters. Such a deuteron transfer has a strong impact on any
tional motion would result irR— 0. Figure 6 shows the de- excited OH vibrations in participating HDO molecules, as
cay of the anisotropy for probe frequencies centered at 340the hydrogen bonds inside the complex are shorter (
and 3280 cm'. Clearly, the decay of the anisotropy is lim- =2.6 A) than between the surrounding water molec(®8
ited to a small decrease at delays0.5 ps, which indicates A). This change in hydrogen-bond length corresponds to
that each individual OH group can only change its orientadarge jumps in the OH frequency, and likely leads to rapid
tion within a limited angular range. This result strongly dif- vibrational relaxation. This hypothesis can be tested by
fers from that of similar experiments on HDO dissolved in studying the vibrational relaxation of the OH stretch vibra-
D,0,%* where the anisotropy decays with a time constant otions over a large frequency range. If proton or deuteron
2.7 ps. The observed limited decay of the anisotropy is irtransfer directly leads to vibrational relaxation, meaning that
agreement with the observed absence of hydrogen-bond dy, ; is the deuteron exchange time, we should observe very
namics, since large changes in the orientation of an ORimilar relaxation time scales for component Il at all frequen-
group must involve stretching, making, and/or breaking ofcies. In Fig. 7, the result of an experiment is shown where we
hydrogen bonds. We can, therefore, regard the structure @xcited the NaOX solution at 3030 ¢rhand where we
the hydrogen-bond network as a “gel’-like state. probed at 3100 cit. At this frequency, there will be no
The broadening due to the small and rapid fluctuations irHDO molecules belonging to component | and the absor-
the immobilized hydrogen-bond network in the NaOX solu-bance is dominated by HDO molecules that form very strong

R(t)=
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OF T T ' ' ' ' ' 7 vibrational relaxation of component Il. The time constant of
o “‘330 this relaxation is~160 fs, and likely represents the charac-
_1 _of‘l “'?»qo i teristic time scale of the deuteron hopping. This notion is
[N - Oy = 3405 cm ! supported by the observation that relaxation of component II
o _c’f‘ X "»qs @pr = 3500 cm™" ] is frequency independent, which means that OH groups that
3 ; Q; ‘s‘% are strongly hydrogen bonded to ODons show a very
EL & 2 Sa similar vibrational relaxation as OH groups that are weakly
-3 Y \“fl 1 hydrogen bonded to J» molecules. The large difference in
53“’1’“ =3030 om” ©. B the vibrational relaxation time constants of components | and
_at \@pr = 3100 cm ~E i Il also shows that these components exchange very slowly,
E‘i { which can be explained from the very rigid nature of the
P . 1 . . . £ I hydrogen-bond network.
0 05 1 15 2 25 3 35
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