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Characterization of the (D,O), Hydrogen-Bond-Acceptor Antisymmetric Stretch by IR
Cavity Ringdown Laser Absorption Spectroscopy
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The IR-CRLAS technique has been used to measure the mid-infrar€ sfretching spectrum of the fully
deuterated gas-phase water dimer for the first time. The instrumentally limited resolution of 1 GHz resolves
the acceptor tunneling splittings and the rotational line manifolds. The analysis of these splittings exploits
the local nature of the excitation and yields a description of the acceptor tunneling motion that supports
previous experimental and theoretical results.

Introduction system, we have measured two other bands belonging to the
fully deuterated dimer. These are both parallel band systems
exhibiting considerable spectral congestion, making the rota-
ftional line assignments difficult. These bands, along with

The study of water clusters is currently the focus of
considerable theoretical and experimental activity. New infrared
and far-IR spectroscopic methods have revealed a wealth o . ; .
detail regarding structures, hydrogen-bond tunneling dynamics,abs.OrIOtlon features attr_lbuyable to larger clusters, will be the
and intermolecular vibrational motions in water clusters as large subject of a future publication. ) )
as the octamek=3 Ab initio calculations have provided much  The (HO), band analogous to that discussed here was first
insight into the intermolecular potential energy surfaces (IPS) Measured with rotational-tunneling resolution in 1989 by Huang
governing their propertisand new dynamical techniguies and Miller? Thelr WOI‘.k, alpng with extensive studies of the
have made it possible to interpret the high-resolution spectra9round and low-lying vibrational states of both the normal and
of these clusters directly in terms of the many-body dynamics deuterated forms of the dimer compiled through far-infrafeé,
occurring on the IPS. microwave?-23 and theoreticdf-24+26 studies, provides the

One of the principal motivations for these investigations is foundation for our analysis of the new spectra presented
to extract an improved intermolecuar force field for liquid and here. It is presently accepted that large-amplitude motions
solid water by systematically untangling the complex many- involving the hydrogen bond facilitate tunneling between 16
body interactions that plague theoretical treatments of the Symmetrically equivalent molecular frameworks, assuming that
condensed phasé38 The first step in this scenario is to N0 chemical bonds are broken (eight if a plane of symmetry
determine a precise watewater pair potential from a regression ~ €Xists). Quantum tunneling among the associated minima on
analysis of the spectroscopic data available for the water dimer,the 16-fold degenerate potential energy surface occurs primarily
constrained by ab initio calculatiofis. Initially, this will via three pathways, each involving relatively little O atom
necessarily proceed within a frozen monomer (6-D) analysis, motion®
but ultimately one wishes to quantify the monomer relaxation ~ The lowest barrier motion0.59 kcal mot?),2” and the only
that accompanies hydrogen-bond formatioihis will require one that does not require breaking the hydrogen bond, is
a detailed knowledge of the coupling between inter- and commonly called “acceptor tunneling”, as the overall result of
intramolecular motions in the dimer, such as is obtained from this motion is the permutation of the acceptor hydrogen atoms.
high-resolution mid-IR spectroscopy of the chemical bonds in While a simple rotation of the acceptor monomer about the
water clusters. To further advance such knowledge is the acceptoré, axis is the most obvious pathway to this end,
purpose of the work described herein. experimental and theoretical results imply that this motion

The O-H stretching vibrations in water clusters have been actually consists of a concerted ammonia-like inversion of the
investigated quite extensively in the-2 um spectral region, proton acceptor molecule with a 18trsional rotation of the
but only by indirect spectroscopic methods (vibrational donor molecule (Figure 1), similar to that of a well-studied
predissociatiod; 1° bolometric detectiod'3 or cryogenic tunneling motion in methylamine. The signature of these
matrix spectroscop$£~1° until our recent IR cavity ringdown  tunneling motions in the spectra will arise through the coupling
laser absorption spectroscopy (CRLAS) stdlyTo the best of the angular momentum generated by the tunneling motion
of our knowledge, the corresponding gas-phasedGstretches to the overall rotation of the cluster, and clearly these alternative
(3.5-4.5 um) have not been observed previously, primarily pathways will generate significantly different amounts of angular
because of the lack of suitable radiation sources in this spectralmomentum. Typically, this coupling produceedependent
region. The use of cavity ringdown detectlégreatly relaxes splitting pattern which can be well-approximated by a cosine
the demands on the light source, and a Raman-shifted pulsedunction?® As the selection rules do not allow direct transitions
dye laser conveniently provides complete coverage over thesebetween these branches for the water dimer, the exact values
wavelengths. In this article we report the measurement and for these splittings have not been determined. However, far-
analysis of the hydrogen-bond acceptor antisymmetrieDO IR measurements of transitions between ground-#tatevels
stretch in the (BO), isotopomer. In addition to this band of the O dimer fit to expressions derived within the local-
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case of (HO),.'! This excited-state behavior is rationalized by
considering that, for the case of exciting a local mode on the
--- e - - acceptor monomer, this motion would require the rapid transfer
of the vibrational energy to the other monomer as they exchange
donor—acceptor roles. Since there is no obvious mechanism
Figure 1. The lowest barrier tunneling pathway in the water dimer. t0 allow this to occur on the time scale of the tunneling motion,

This motion is commonly referred to as “acceptor tunneling”, because We expect rotational lines of the acceptor antisymmetric band
the end result is the exchange of the hydrogen atoms of the hydrogen-system measured with the present resolution to contain unre-

bond acceptor monomer. solved triplet structure closely resembling that of the ground
) state.
B, The present data, however, provide an interesting perspective
) /’ T on the acceptor tunneling, the largest of these splittings. Our
Az p E- _ 1083 analysis takes advantage of the local mode character of the
! v intramolecular vibrational excitation with the assumption that
J=0 ! \\ Ay MHz the acceptor tunneling dynamics change very little in the excited
K=0 II A —_— state relative to the ground state. This assumption, discussed
! below, implies that the excited-stat¢é-dependent splitting
. pattern should closely resemble that of the ground state. This
A ! ~36 GHz additional constr_ai_nt removes the Ii_ne_ar correlation betv_veen the
! values of the individual splittings within eaéf, level obtained
! from the measured splittings within each rovibrational band,
\\ B+ permitting their accurate determination. This type of analysis
\ ! was not possible in previous studies that accessed intermolecular
v Y 4 e vibrational modes, which most likely influence the tunneling
voOAS ,’ E* —— dynamics rather strongh?*® Nor was this possible in the
\ 1 17_2 previous study of the pO dimer acceptor stretéh because only
, VOASY MHz one of the two acceptor tunneling doublets was observed in that
Acceptpr e work.
tunneling gonor- Donor
[nctceer‘c)gzrnge Tunneling Experimental Section
Figure 2. Energy level diagram of th@ = 0, K = 0 ground state of The novel IR-CRLAS spectrometer used to obtain the present
(Dz0).. Each energy level of the rigid dimer is split into six components  results has been described in recent publicatté#s.Briefly,
by various tunneling interactions. tunable infrared radiation was generated by Raman shifting a

Nd:YAG-pumped pulsed dye laser (Lambda Physik, fl3002e).
The Raman shifter consisted of a 3.5 m high-pressure multipass
cell (Herriot configuration) containing 200 psi obHAfter 17
passes, the 225 mJ/pulse of fundamental radiation (655
680 nm) generated 0-20.5 mJ/pulse of infrared (3-64.5um)
¢ in the third Stokes band. This radiation was carefully aligned
along the axis of the ringdown cavity, consisting of a pair of
highly reflective dielectric mirrorsR ~ 0.9999). The light
leaving the cavity was focused with a 10 cm lens onto a 0.5

IAM framework of Coudert and Hougen suggest that the
splitting inK," = 0 is 9.4 cm. For the case of the D dimer,
the sum of the ground-staka, = 0 and 1 splittings is measured
to be 72 GHz. From this, th€, = 0 splitting has been estimated
to be 36 GHZ!

The remaining tunneling pathways include the exchange o
the roles of the H-bond donor and acceptor monomers (“doenor
acceptor interchange”), and a motion somewhat analogous to

acceptor tunneling (“donor tunneling”), involving the exchange ) N )
of the bound and free H's on the donor subunit. These remove MM diameter liquid t-cooled InSb detector, and the resulting

all degeneracies resulting from permutationversion symmetry ~ Signal was amplified a 1 MHz bandwidth amplifier contained
in the rigid dimer, further splitting each acceptor tunneling level Within the detector housing. This signal was then digitized,
into three components (six total) with the outer two levels being 2veraged (20 shotsiwavelength), and sent to a computer for least-
singly degenerate and the middle level doubly degenerateSAuares fitting to a first-order exponential decay. The cavity
(Figure 2). In the ground-stat&, = 0 level of (D,0),, the two optical transit time d|V|_ded by the .mez.asured decay time ylel_ds
outer levels are split by 1172 MHz in the lower acceptor the per-pass total cavity loss, which is recorded as a function
tunneling component and 1083 MHz in the upper component, Of wavelength.
while the shift of these levels induced by donor tunneling is ~ The water clusters were generated by expanding a mixture
estimated to be-7 MHz2! Again, this value is not known of helium and water vapor into a vacuum chamber through a 4
precisely because of the selection rules. in. pulsed supersonic slit souréewhich generally produces
Accurate knowlege of these tunneling splittings is ultimately clusters with rotational temperatures near 5 K. A background
important because they provide a sensitive measure of thepressure of~200 mTorr was maintained during the 40 Hz
potential energy surface. However, with the moderate resolution operation of the source by a 2500 cfm Roots pump. To
of our current CRLAS spectrometer{ GHz), we do not expect =~ maximize the signal-to-noise ratio, we found it necessary to
to resolve the two smaller tunneling splittings. Donor tunneling limit the number of large clusters formed in the expansion. This
is not likely to be enhanced by the intramolecular vibrational was done by seeding a higher pressure H&/ixture into a
excitation and should remain well below our present resolution, lower pressure pure He flow through a needle valve, allowing
while the donofr-acceptor interchange splitting, which in the precise control over the water concentration in the expansion,
ground state is roughly equal to our laser bandwidth, is almost while maintaining a high overall source backing pressure of 35
certainly quenched in the excited state, as was observed in thepsia.
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Figure 3. IR-CRLAS spectrum of the (D), acceptor antisymmetric
stretch. The acceptor tunneling splitting is clearly observed.

The data were wavelength calibrated frommonomer
transitiond® measured simultaneously with the dimer data, which
provided a global accuracy af300 MHz, while the relative
line position accuracy is estimated to be ab&4d60 MHz. All
of the data presented below have been baseline subtracted, which
was necessary to remove oscillations in the baseline resulting
from a weak coupling between the ringdown cavity and the
mirror substrates. This coupling increased the noise level in
the scans, most notably with respect to the monomer transitions, K,=0 K.=1 K= K.=
which were measured in the background gas even with the

. ot . Figure 4. Energy level diagram showing the transistions observed in
source shut off. Because the baseline oscillations tended to drift, - present work. In this diagram. the ground-state acceptor tunneling

in frequgncy slightly overl time (presumably from thermf';ll driﬂ. splittings are shown adjusted from their previously reported values based
of the mirror substrate thickness), the monomer transitions did ypon the analysis presented here.

not generally coincide exactly between the signal and back-
ground scans. The decending lines in the baseline (see below}he band origins of these tunneling doublets and using the
result from this effect. expressioft

Results RQKfl - PQK+1 = 4(A” - B”)K (1)

Under the experimental conditions outlined above, a typical . )
CRLAS spectrum of the 2780 crhregion is presented in Figure yle_lds a ground-staté\_ rotational constant of 125.6(3) GHz.
3. As shown below, these features can be assigned to the! NS compares well with 124.9 GHz obtained from #e= 1
acceptor antisymmetric stretch of the@dimer. In all, we O Microwave daté and 125.8 GHz foK, = 2-— 12
have located 10 subbands, clearly belonging to a perpendicular S Of the 10 recorded bands exhibit a sufficient signal-to-
vibrational band system, in which each transition is doubled NCiS€ ratio to permit rotational analysis. As no common upper
via acceptor tunneling. Each subband has a strong unresolvet@teés were shared among these six bands, they were fit
Q branch, with well-resolved P and R branches. As expected,'nd""du@"y using a least-squares algorlthm to the standard
most of these lines exhibit partially resolved substructure PSeudodiatomic energy level expression
resulting from the triplet splitting arising from the two other _ L2 2 =,
tunneling motions. All of the observed transitions are sum- ¥ =% T BJU+1)-DJQ+1)y-BJQ0+1)+
marized in Figure 4. We have used the fact that thestates D"JFJ+ 17 (2)
carry twice the nuclear spin weight of the Atates to assign ~ ~
the stronger band of each doublet to thesfates. Additionally, whereB = (B + C)/2. In all cases, the ground-stdeconstant
this diagram incorporates the adjusted ground-state acceptowas firstincluded as a fitted parameter to ensure that the known
tunneling splittings discussed below. value could be reproduced within the statistical uncertainty of

While the overall rotational quantum number assignments are the fit and was then fixed at the microwave value to more
easily obtained by noting the missing lodvrotational lines accurately determine the upper state constants. The corrections
within each band (Figure 5), these assignments, as well as thefor asymmetry determined from the microwave data were
accuracy of the present data, can be verified by comparing included for the ground-stat€, = 1 levels (not shown in eq
determinable ground-state information with that obtained previ- 2), but not for the excited-state levels because the Q branches
ously from microwave and far-IR experiments. For example, were unresolved and therefore could not included in the fits.
because th&y = 1 — Ky' = 0 and theKy = 1 — K;' = This effectively adds a factor oB(— C)/8 to the determined
transitions share common upper states, the sum of the observedalue ofB in the upper stat&, = 1 level. Thus, the reported
acceptor tunneling splittings in these bands is a direct measurevalues are “effective” rotational constants. The effect of
of the sum of the ground-stakg, = 0 and 2 splittings. In fact, asymmetry inK, = 2 is expected to be very small, such that
the present value of 92.7(5) GHz agrees well with the microwave the exclusion of this correction should produce a negligible
value of 92.25 GHZ22! Similarly, averaging the locations of  effect for these levels. Finally, the upper state distortion
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Figure 5. Enlarged view of the spectrum displayed in Figure 3. The rotational line assignments are shown.

TABLE 1. Molecular Constants Obtained from Fitting the 53 cos (2n K/3.3)

Present Data to Eq 1
symmetry A A e \ - 43 cos (2 K,/3.3)
band origin 2783.14(2) 40
A’ 4.190
A 4.14(1)
(B+ Q)12
Ka=0 0.18108 0.18108 ~ 204
Ka=1 0.18110 0.18102 T
Ka=2 0.18085 0.18094 S
(B+C)/2 o
Ka=0 0.1815(1) 0.1813(1) £ 04
Ka=1 0.1806(1) 0.1811(1) =
Ka= 2 0.1811(1) 0.1803(3) 3
D 1.2x 10°®
a All constants are given in cm. The ground-state constants are -20
from refs 21 and 22.
constants were fixed at the ground-state values because we -40
lacked the resolution to determine these constants accurately.
In total, 73 lines were fit, producing the molecular constants

listed in Table 1. Itis interesting to note (Figure 5) the reduction T
of the P-branch intensity in thaK = +1 bands predicted by 0
the Hnl—London factot! is particularly apparent in thi€, =

2-—Kq" = 1bands. Very few P-branch lines could be obtained Figyre 6. The present description of the tunneling splittings produces
for these bands because of this effect, slightly reducing the upper state (dashed line) and lower state (solid line) splitting patterns
precision of the fitted constants for these bands. Also, the that vary cosinusoidally with th&, quantum number with the same

appropriate upper state formula analogous to (1) was used toperiodicity. This periodicity is consistent with the “methylamine-like”
determine the value of tunneling pathway and lends strong support to the results from a

. L {Jrevious local-IAM analysis of (kD). data. The symbols correspond
Perhaps the most interesting insights revealed by the presento the splittings shown in Figure 4 (see text for details).

data concern the acceptor tunneling splittings. For the time

being, let us assume that the ground- and excited-state acceptofanging near this periodicity occurs forka" = 0 splitting of
tunneling splitting patterns are in fact nearly identical (aside 54 GHz.

from a global inversion of the splitting pattern arising from a  Thjs type ofK dependence is common in internal rotation/
change to the total wave function by an antisymmetric rather parrier tunneling problems, where the Hamiltonian is described
than symmetric vibrational wave function). K" = 0spliting by Mathieu’s equatio? The periodicity arises from the

of ca. 55 GHz is the only value that satifies this condition within coupling of the angular momentum generated by the tunneling
the constraints imposed by the measured splittings within eachmotion to that from the overall rotation of the cluster. For the
band and produces the energy level diagram in Figure 4. simple case of hindered torsional motions in symmetric rotors
Interestingly, the resulting splittings fit well to a cosine pattern (the water dimer is near-prolate), the periodicity is a direct
in both the upper and lower states (Figure 6). The extrapolatedmeasure of the moment of inertia of the internal rotay, (as
periodicity in K, in both states is~3.2. In fact, the best given by the equationK = nl/I;, wheren represents the number
simultaneous fit of both tunneling patterns to cosine waves of equilibrium positions. The fact that the periods in both states




(D20), H-Bond-Acceptor Antisymmetric Stretch J. Phys. Chem. A, Vol. 102, No. 19, 199&83

are similar is consistent with this picture, while the smaller or the difference of the upper and lower state splittings, but
amplitude in the excited state relative to that of the ground state never the individual splittings themselves. We have argued that,
might be indicative of a slightly higher tunneling barrier in the based on the apparent adiabatic separation between the acceptor
excited state. The moment of inertia of the internal rotor about antisymmetric stretch and the tunneling motion, this assumption
the A-axis would be 2.6 amu Awithin this description. For should be valid and should therefore lead to reasonable estimates
purposes of comparison, the AD), principal axis moments of  of the tunneling splittings. These results, while not entirely
inertia arels ~ 4.2 amu R andlg ~ 90 amu & Note that the rigorous, are consistent with expectations and previous results
internal rotor inertia constitutes a significant fraction of the and will hopefully result in an improved understanding of the
A-axis inertia, which is more consistent with the methylamine acceptor tunneling dynamics.

tunneling path than with the conceptually simpler acceptor
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splittings emerges from the above considerations, the validity in these studies.
of the underlying assumption, that the splittings are similar in
the upper and lower vibrational states, is supported by the
following arguments. For the case of the® dimer, the (1) Liu, K.; Cruzan, J. D.; Saykally, R. Bciencel996 271, 929~

acceptor antisymmetric stretch was the only one of three IR 933'(2) Brown, M. G.; Viant, M. R.; Saykally, R. J. Far Infrared Laser

modes measured (and the only one centered on the acceptoyrT Specrtoscopy of Water ClusteRroceedings of the NATO-Adnced
monomer) that did not rapidly predissociate the clusteThis Study Institute Conference on Recent Theoretical and Experimental

implies a relatively weak coupling between this vibrational mode Advances in Hydrogen Bonded Clusters, 1997, Heraklion, Crete, Greece
o (3) Gruenloh, C.; Carney, J.; Arrington, C.; Zwier, T. S.; Fredericks,
and the hydrogen bond. Furthermore, the shift in frequency of 5 v-"jordan, K. DSciencel997 276 1678-1681.

this vibration from the free monomer frequency is less than (4) Xantheas, S. Sl. Chem. Phys1995 102, 4505-4517.
0.3%, also indicative of a very small influence on this mode (5) Wales, [IJ- J-IReaf_fangememS aﬂd”Dynam'CS of Water Clusters. In
from the hydrogen bond. As this apparently weak coupling to ég”agczfegs'v'o ecular Vibrations and Collision Dynami@&owman, J.,
the H bond is not likely to strongly affect the torsional and '(6) Gregory, J. K.; Clary, D. C.; Liu, K.; Brown, M. G.; Saykally, R.
wagging motions along this bond associated with the acceptorJ. Sciencel997, 275, 814. )
tunneling pathway, it is reasonable to invoke an adiabatic | C(ggn'{e;‘;]r;:{g%(ibgrgé%'-- B.; Liu, K.} Elrod, M. J.; Saykally, R. J.
separa_ltion betwgen this \(ib_rational mode and motion along the ™ "(g) Huisken, F.: Kaloudis, M.; Kulcke, Al. Chem. Phys1996 104,
tunneling coordinate. Similarly, the upper state vibrational 17-25.
frequency of 2783 cmt should produce an averaged symmetric 198&9)10261%6735?'3?6; Frey,J. G.; Shen, Y. R.; Lee, YChem. Phys. Lett.
. 71 .
structqre on the time sca_le of the ml_Jch slower2lcm (10) Vernon, M. F.; Krajnovich, D. J.; Kwok, H. S.: Lisy, J. M.; Shen,
tunneling frequency, effectively preserving the necessary sym-vy. R.:'Lee, Y. T.J. Chem. Phys1982 77, 47-57.
metry for the tunneling motion to take place. 83 guang, Z-JS.F;zMiII{;er, R.E&g‘hem-;]hysilggf 311, 558113—6631.
H H H eimers, J. R.; atts, R. em. yS. , .

The present_results are in g°9d agreement with theoretical (13) Fredin, L.; Nelander, B.; Ribbegard, G.Chem. Physl977, 66,
calculations using a generalized internal axis model (I&R¥ 4065,
Within this model, these splittings are predicted to follow the  (14) Brentwood, R. M.; Barnes, A. J.; Orville-Thomas, W.JJMol.

relation —1)X cos(Kgs). Using the RWK2 potential ener Spectrosc198Q 84, 391. _
surface <(Z5 \)/vas tfgen(z)(zalculatgd to be abo?Jt 223jivin agy (15) Ayers, G. P.; Pullin, A. D. ESpectrochim. Actd976 32A 1629.
P4 9 (16) Paul, J. B.; Collier, C. P.; Scherer, J. J.; O'Keefe, A.; Saykally, R.

periodicity of AK ~ 3.6. This value should be very sensitive J.J. Phys. Chem. A997, 101, 5211-5214.

to the specific tunneling pathway and in this case is consistent 195(;1772,752%61’ J.J.; Paul, J. B.; O'Keefe, A.; Saykally, RCem. Re.
with the methylamine-like pathway found from theoretical - =;5"s|,crow, k. L; Cohen, R. C.; Blake, G. A Laughiin, K. B.; Lee,
calculations»?® While this formalism was specifically devel- vy, T. Saykally, R. J.J. Chem. Phys1989 90, 3937.

oped to address cases of high barrier tunneling, it has been (19) Pugliano, N.; Saykally, R. J. Chem. Phys1992 96, 1832.
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