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The infrared spectroscopy of hydrogen-bonded bridges: 2-pyridone- (water),
and 2-hydroxypyridine- (water), clusters, n=1,2
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The water-containing clusters of the two tautomers 2-hydroxypyridtéP) and 2-pyridone

(2PYR) are studied in the hydride stretch region of the infrared using the techniques of resonant
ion-dip infrared spectroscopdRIDIRS) and fluorescence-dip infrared spectrosc@pRIRS). The

results on 2PYRwaten, build on previous high-resolution ultraviolet spectroscqpield and

Pratt, J. Am. Chem. Soé&15, 9708(1993] on then=1,2 clusters and the infrared depletion spectra

of Matsudaet al. [J. Chem. Phys110, 8397 (1999] on then=1 cluster. The 2PYR-WFDIR
spectrum reflects the consequences of extending and strengthening the H-bonded bridge between
N—H and G=0 sites in 2PYR. The spectrum shows evidence of strong coupling along the bridge,
both in the form of the hydride stretch normal modes and in the breadth of the observed infrared
transitions. RIDIR spectra of the 2HP-\Wlusters are compared with those of 2PYR-IW order

to assess the spectroscopic consequences of forming the analogous water bridges in the lactim
tautomer. Density functional theory calculations are compared with the RIDIR spectra to deduce
that the 2HP-VV clusters are indeed water-containing bridge structures closely analogous to their
2PYR counterparts. The IR spectra of the 2HR-tMisters bear a striking resemblance to those of
2PYR-W, . Potential reasons for the unusual breadth of the bridge XH stretches are discussed.
© 2000 American Institute of Physids$0021-96060)00347-0

I. INTRODUCTION isolated, gas-phase molecule is substantial, with calculated
2-pyridone (2PYR) and 2-hydroxypyridine(2HP) are values of 35—38 kcal/mdt® This barrier is reduced to about
keto-enol tautomers related by transfer of a hydrogen ato 3_(;1_5 kcsl/ rr’\llol|_||n thg ggse_nce O]f ;Ps\l(rglz war:er mt;lecule

between N and O sites in the molecule. As nitrogen hetero- rnaging _t € N-Han 5|te_s of 2FYR. AS Shown be-
cycles with the same H-bonding sites as uracil, such tauI_ow, a bridging water molecule is positioned so that a double

tomerization reactions have potential relevance for protorii-alom transfer can occur with litle heavy atom motion,
transport and spontaneous mutagenesis in nucleic acl@ising the prospect that tunneling through this smaller bar-

chemistry!~ rier could also be significant. Indeed, temperature-jump ki-
H netic studies have provided evidence for a water-mediated
0 }_[ O/ proton transfer reaction in solution, though it was unclear
from that study whether one or two water molecules were

=N involved in the reactionl. Early calculations employing a
\ / - > \ / small basis set predict a further reduction in the barrier to
tautomerization when the bridge is composed of two water

2-pyridone 2-hydroxypyridine molecules rather than or@.
2PYR 2HP

An unusual characteristic of the 2PYR/2HP tautomeric
pair is that they are nearly thermoneutral in the gas phase,
with 2HP more stable than 2PYR by only 270 ¢h(0.77
kcal/mo).>® As a result of this fortunate circumstance, both
tautomers are present in significant abundance in gas phase
samples(~3:1 in favor of 2HP at 356 K In solution, their These attractive features of the 2PYR/2HP tautomers
similar stability heightens the importance of solvent effectshave made them the subject of a number of experimental
in controlling the observed equilibrium concentrations of thegas-phase and matrix-isolation studies. A detailed analysis of
two tautomers. The less polar 2HP tautomer is favored inhe infrared spectra of the matrix-isolated tautomers has been
nonpolar, aprotic solvents, but 2PYR dominates in polarcarried out by Nowalet al® The microwave spectrum ob-
protic solvents, including watér. tained by Hatherlewt al. determined that 2HP is found ex-

Not surprisingly, the barrier to tautomerization in the clusively as thesynisomer in the gas phase, and determined
the relative energies of the 2HP and 2PYR tautomérse
dAuthor to whom correspondence should be addressed. Electronic maif@rly resonant ionization and laser-induced fluorescence

2wier@purdue.edu studies of Tembreukt all! and Nimloset al*? have identi-

2-pyridone-H;0 2-hydroxypyridine-H,O
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fied theS, S, electronic origins of the monomers and somesolute{solven},, clusters containing multiple, H-bonding
of the smaller water clusters. Subsequently, HetldI P car-  sjtes’6-18
ried out an elegant, high-resolution, rotationally-resolved  As we will see, the same sized clusters of 2HR-&d
study of the 2PYRwater);, and 2PYR¢wate, clusters’ 2PYR-W, have hydride stretch infrared spectra which
S;— Sy origin transitions. The water molecules in these clusclosely resemble one another. In addition, the hydrogen
ters were shown to form H-bonded bridges between the N—Hbonded bridges, particularly in the X—\\lusters, produce
and C=0 groups of 2PYR. In that study, deuterium isotopic hydride stretch fundamentals that are several times broader
substitution was used to determine the positions of the hythan those of any other X—W¢tlusters studied previously.
drogens in the 2PYR-\\bridge.

Recently, Mikami and co-worketshave studied the Ra-

man and infrared spectra of 1:1 complexes of 2PYR with e{l' METHODS

series of solvents, including water. As a part of this study,  The infrared spectra reported in this work were recorded
the IR spectra of partially deuterated 2PYR-water complexesising the double-resonance schemes of resonant ion-dip in-
were also recorded in the OH stretch region, establishing thfared spectroscopy(RIDIRS)*®*?* and its fluorescence-
effects of removal of selected OD or ND groups on the in-based analog, fluorescence-dip infrared spectroscopy
frared spectrum. Finally, Leutwyler and co-workérfave  (FDIRS).}*?%?°|n both RIDIRS and FDIRS, the population
recently provided a detailed analysis of the intermoleculaiof the cluster of interest is monitored by fixing the ultraviolet
transitions present in the vibronic spectra of 2PYR-#d  laser to a vibronic transition of the cluster, creating a steady-
2HP-W, clusters withn=1 and 2. state signal which reflects the ground state population of the
In this article, we present a study of the ground statecluster of interest. The infrared spectra are recorded by pre-
infrared spectroscopy of 2PYR Wand 2HP-W, clusters ceding the ultraviolet pulse with an infrared pulse which,
with n=1 and 2. The present study builds on previous workwhen resonant with an infrared transition, removes popula-
in three significant ways. First, the technique of resonantion from the ground state. The absorption is then detected as
ion-dip infrared spectroscopyRIDIRS) has been used to @ dip in the ion signal or fluorescence generated by the ul-
record the infrared spectra of the 2HPahd 2HP-W com-  traviolet laser pulse that follows.
plexes, which have not been studied previously. These spec- The data on the 2HP-Wclusters employed RIDIRS,
tra provide evidence that water bridges similar to thoseSinCe itsS;«—S, transition is just over half way to the ion-
present in 2PYR-W are also formed in the tautomeric 1Zation threshold, and can thus be studied conveniently using
2HP-W, clusters. In the case of 2HP, the water molecule®N€-color resonant two-photon ionization. The molecular
bridge between the OH donor and pyridine nitrogen atonf®aM time-of-flight mass spectrometer employed in these
acceptor sites. Second, the analogous spectrum of 2P¥R_wtud|es has also been described prewogsly. Briefly, the mo-
has also been recorded using fluorescence-dip infrared spdgcular clusters are formed by expansion from a 0.8 mm

troscopy(FDIRS) to complete the comparison of the water Siamk_eter pulsed Vil\;ebheatid to f100 °C dagd cE)pl)e(;ating at ?
bridges in the two tautomers. Finally, density functional acking pressure o ar. The unfocused, doubled output 0

theory calculations of the structures, harmonic vibrationaf* Nd:YAG-pumped dye laséRhodamine 575 dyeis used

frequencies, and infrared intensities have been carried out o ¥ ultraV|.oI.et light source. An infrared parametric converter
all four clusters to compare with experiment. The vibrational Laser Vision pumped by the seeded output of a second
’ Nd:YAG laser (Continuum 702D is used for the infrared

frequency calculations provide insight to the nature, Strengthéxcitation step. It counterpropagates the ultraviolet laser

and spgctroscopic consequences of the strong COUp“r}g’eam and is focused by a 50 cm focal length lens to the
present in the I_-|-_b_onded_ bm_jges. . center of the ion source region of the time-of-flight mass
Part of the initial motivation for this study was to search spectrometer. Typical infrared powers of about 5 mJ/pulse

for spectroscopic evidence for water-mediated tautomeriza ., | ,saq

tion in the hydride stretch infrared spectra of these clusters. 11,4 2PYR-W, clusters were studied using FDIRS rather
Since the hydride stretch normal modes involve motion o4, RIDIRS, largely because tg— S, transition of 2PYR
the hydrogen atofs) in the bridge, one might anticipate a s jess than half way to the ionization threshold, complicating
close relationship between the in-phase stretching of thgs stydy via R2PI. However, the previous characterization of
bridge XH groups and the water-mediated tautomerizatiogpe 2PYR-W, clusters by high resolution spectroscopy se-
reaction coordinate. The magnitudes of the calculated barrisyres the assignment of the ultraviolet transitions to
ers(~4500 cm * for 2PYR-W)°® are similar to the energy 2pyR-w; and 2PYR-W, making mass selection unneces-
provided by excitation of the hydride stretch fundamental.sary. The laser-induced fluorescerite) studies are carried
Even below the barrier, the 2PYR;\nd 2HP-W hydride  out in a second chamber equipped for LIF detection in a
stretch vibrations probe the barrier to tautomerizatioe.,  supersonic free jéC The ultraviolet light is provided by the
proton transferfrom both “reactant” and “product” sides.  doubled output of the Nd:YAG-pumped dye laser operating
Finally, even in the absence of effects due to reaction, theiith DCM dye. The same infrared parametric converter is
study of the H-bonded bridges formed between the H-bondised for the infrared step in FDIRS as in RIDIRS.

donor and acceptor sites in 2PYR and 2HP is intriguing in its ~ Density functional theoryDFT) calculations employing
own right. There is growing evidence that such H-bondedhe Becke3LYP function&l?’ with a 6-31+G*(d) basis
bridges will be both important and pervasive in set®have been carried out to provide a basis of comparison
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FIG. 2. LIF excitation scan of 2PYR in the region500—-900 cm? from
the monomeiS, S, origin. The daggerst and 3 mark the transitions of
2PYR-W, and 2PYR-W clusters, respectively. The asterigks designate
transitions due to H-bonded dimers of 2PYR.

R
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35200 35400 35600 35800 36000 36200 shift in the 2HP-W origin from the 2HP monomer origin is
Wavenumbers (cm'l) —905 cm %, reflecting a 2.60 kcal/mol increase in the total
binding energy of the cluster in th®, state relative td,.
FIG. 1. One-color R2PI scans in tHe) 2HP*, (b) 2HP-W{, and(c)  IR—UV hole-burning scari® (not shown demonstrate that
2HP-W; mass channels. Thandicates theS,—$, origin transition of the  a|| the vibronic structure on the low-frequency side of the
EEZE":SO”:;”S";;C :K/he”l?/ T and # label transitions of the 2HPaNd 2HP-W. 5 \w origin belongs to the 2HP-Weluster. No evidence
’ ' of these transitions can be found in the 2HB-parent mass
channel, indicating that fragmentation by loss of a single
with the experimental results. The fully-optimized structureswater molecule is essentially complete following one-color
binding energies, vibrational frequencies, and IR intensitie$wo-photon ionization at these wavelengths. In contrast, the
were computed for various potential structures of 2HP-W 2HP-W; complex fragments only minimally into the 2HP
with n=1 and 2. In the case of 2PYR-W only the mass channel. The likely explanation for this change is sim-
known!® H-bonded bridge structures were studied. Vibra-ply the energetics of the photoionization process, wherein
tional frequencies of optimized structures were performed irPne-color R2PI reaches below the dissociation threshold for
the harmonic approximation using analytical second deriva2HP™+W in 2-HP-W,, but well above the 2HP-\WW
tives. All calculations were carried out using tbaussian  threshold in 2-HP-Wy. 3%
98 suite of programé®

B. LIF excitation spectroscopy of 2PYR-W

lll. RESULTS AND ANALYSIS An LIF excitation scan in the region to the blue of the
A. R2PI of 2HP-W , S+ S, origin of 2PYR (30 400-30800 cm') is shown 1i2n
. Fig. 2. As with 2HP, the previous study of Nimleg al.
F|gure_s_ 1a)—1(<_:)_ show one-cqlor RZI_DI scans near theidgntified the electronic Fz)rigins of th)é 2PYR monomer
gh;.svo\/?”%rr: dtrgrll_isgl(\)lg orl:1 il:j (\;\;\fglr:ang}gnl:ggggctgfelzyﬁihe (29_8131 and 29930 cﬁ_}i and clusters with on&30 465
1 hannel is dominated b Se-S, origin cm )__or two (30720 cm _)Water molecul_es. The_ latter two
[?;:;&ir (r)r:‘atshSeCZHP monomer. which yappears at936 13éran3|tlons are marked with daggers _i) in the flggre. As
11215 o already mentioned, Held and Préttarried out rotationally-
cm .~ ~The I@rlgest transition in t.he 2I—!3P—1V\Imass chan- resolved LIF studies on these transitions in determining their
nel at 35468 cm' (1) has been assign€d*to the 2HP-W structures as H-bonded bridges. These transitions serve as

complex. Its large redshift—668 cm ) indicates a substan- the basis for the EDIR spectroscoby reported in Sec. Il D
tial strengthening of the H-bond between water and 2HP P Py rep ' '

upon electronic excitation of 2HP. Several transitions appear
on the low-frequency side of the 2HP;Wrigin in the C. RIDIRS of 2HP monomer and 2HP-W , clusters and
2HP-W, mass channel. These transitions were also observed'RS 0f 2PYR-W,, clusters

by Nimlos et al,'? but were not assigned. Instead, the tran-  The RIDIR spectrum of the 2HP monom@rot shown,
sitions that appear in the 2HP-4\Mmnass channel were as- recorded with the R2PI laser fixed to tiSg—S, origin at
signed to the 2HP-Wneutral cluster. In what follows, the 36130 cm* [Fig. 1(a)], consists of a sharp OH stretch fun-
35225 cm* (1) transition in the 2HP-W mass channel will damental at 3598 ciit and a closely spaced set of aromatic
be reassigned as the 2HP,\8,— S, origin transition. The CH stretch transitions in the 3030—3110 ¢chregion. The
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FIG. 3. Experimentalb) FDIR spectrum of 2PYR-Wand(d) RIDIR spec-

trum of 2HP-W, compared with the DFT Becke3LYP/6-31G* calculated

harmonic vibrational frequencigscaled by 0.974and infrared intensities
for (@) 2PYR-W,; and(c) 2HP-W,(A).

FIG. 4. (a) Experimental FDIR spectrum of 2PYR-W (b) DFT
Becke3LYP/6-3% G*(d) calculated harmonic vibrational frequencies
(scaled by 0.974and infrared intensities 2PYR-W

frequency of the OH stretch is 59 crhlower than that of

phenol?! consistent with the assignment of this band to the L B B e
synisomer, with its weak intramolecular H-bond between the d) ,
OH and the nitrogen lone pdif:'® The corresponding spec- !
trum of the 2PYR monomer has already been reported in the ﬁ
work of Mastsudaet al1* These authors observe a sharp NH l | R
stretch transition for the 2PYR monomer at 3448 ¢m )

RIDIR spectra of 2HP-\Y clusters withn=1 and 2 in ©)
the OH, NH, and CH stretch region of the ([R800—3800
cm 1) are shown in Figs. @) and Fa), respectively. The
corresponding FDIR spectra of 2PYRzVdre shown in Figs.
3(b) and 4a). The spectrum of 2PYR-WFig. 3b)] is simi-
lar to that already published by Matsudaal,* and is re-
produced here primarily for its comparison with 2HP-W
The RIDIR and FDIR scans were recorded by fixing the
wavelength of the ultraviolet laser on each of the clusters’
origin transitions, marked with daggers in Figs. 1 and 2. The
wave number positions and widttBWHM) of the observed
2PYR-W, and 2HP-Vy cluster infrared transitions are listed
in Tables | and I, respectively.

There are several features of the scans that deserve im- et P TP Bt
mediate comment. First, the infrared spectra of 2HPand 2800 3000 3200 3400 3600 3800
2HP-W, [Figs. 3d), 5(a@)] bear a striking resemblance to -1
their 2PYR counterpartdigs. 3b), 4(a)]. This resemblance Wavemmbers (cm )
suggests a similarity in the structures of the clusters, whiclkg, 5. (@) Experimental RIDIR spectrum of 2HP-W (b)—(d) Calculated
are known in the case of 2PYR-Wo be H-bonded bridge harmonic vibrational frequencigscaled by 0.974and infrared intensities
structure<3 In keeping with this, the sharp transitions due to for three 2HP-W isomers c_Jbt_ain_ed as minima via DFT Becke3LYP/6-31
flee NH (3448 o, 2PYR of free OH(3598 cm', 2HP)  (%(4) b seomery mpimizaions, Suucted s € are over °
are absent from the IR spectra, replaced instead by Strongssignment of the two H-bonded stretching modejrio the experimental
broadened transitions, which appear below 3400 crfthis bands in(a).

b)

Intensity (arb. units)
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TABLE I. Experimental vibrational frequenciand width§ for 2PYR-W, [Figs. 4a), 5(a)]. Finally, the signal-to-noise ratio in the

clusters. FDIR scangFigs. 3b), 4@)] is significantly better than that
2PYR-W, 2PYR-W, in the RIDIR scans, due to a greater fluorescence signal in
the former case than ion signal in the latter.
Freq. (Width) Freq. (Width) Assignment
3770 4 Free OH/Intermolecular bend ~ D. DFT calculated structures and energies
combination band -
3723 4 3721 8  Free OH The low-energy, fully-optimized structures calculated
3713 4 Free OH for the 2HP-W, and 2PYR-W clusters withn=1 and 2 are
3347 15 3337 38 Bridge fundamental shown as insets in Figs. 3-23The lowest energy structures
ggg; 1126 spse . FeB”T(‘j' reiongnce | for all four clusters have been studied in some detail by
ridge fundamenta previous calculation&'%3435The primary motivation for the
3195 48 Bridge fundamental . ; L .
3053 5 3053 4 CH Stretch present calculations is to compute harmonic vibrational fre-
3044 4 3043 8 CH Stretch guencies and infrared intensities to compare with the experi-

3|l frequencies reported in wave numbesn ).
"The widths(in cm™) of the transitions are full widths at half maximum.
‘Partially overlapped band.

mental IR spectra. For the 2PYR;Wtlusters, only the
known water bridge structures were explored, and the vibra-
tional frequency calculations were used primarily to provide

insight to the form of the hydride stretch normal modes and
to test the accuracy of the computed vibrational frequencies
is the expected consequence of formation of a water bridgand infrared intensities against experiment. In 2HR;W
in which the NH(in 2PYR) or OH (in 2HP) groups act as where the structures were not known with certainty, several
H-bond donors to water. In addition, all four of the water- possible H-bonding structures were optimized. Vibrational
containing cluster spectra show one or more absorptions iftequencies and infrared intensities of the minima so-

the 3710-3725 ci region which can be assigned to free identified then provide a basis for distinguishing the struc-
OH groups of the water molecy#® in the bridge. Second, tures observed experimentally.

the relative intensities of the H-bonded bridge fundamentals  Table Il lists the relative monomer energies and total
reflect a degree of coupling between the XH bonds involvedtiuster binding energies, both with and without zero-point
in the bridge. For instance, the spectra of 2HR-@nd  energy correction, relative to the 2HP monomer. The label-
2PYR-W, are dominated by a single H-bonded transition,ing scheme used in the table and in Figs. 3-5 reflects the
despite the fact that two H-bonded XH stretchesrelative binding energies of a given type of cluster wit)

(OH --OH--N or NH--OH---O=C, respectively make up  being the calculated global minimum structure followed by
the single-water bridges in both cases. This point will be(B), etc.

taken up further after considering the results of vibrational  The global minimum structure for 2PYR-)i& shown in
calculations on the clusters. Third, the H-bonded XH stretclFig. 3a), while that for 2HP-W is shown in Fig. &). Both
transitions below 3400 cfit are remarkably broad, espe- calculated global minima incorporate water as a bridge be-

cially in the case of the 2PYR-Wand 2HP-W clusters

TABLE II. Experimental vibrational frequenci@and width§ for 2HP-W,
clusters.

2HP 2HP-W 2HP-W,

Freq. (Width) Freq. (Width) Freq. (Width) Assignment

3721 25 Free OH/tunneling split
3714 4 3716 3  Free OH
3708 4 Free OH
3598 3 OH stretch
3544 10 Bridge fundamentals
3511 21 & intermolecular
3444 14 combination bands
3373 34 3372 80 Bridge fundamental
3301 27  Fermi resonance
3180 120 Bridge fundamental
3291 16 Bridge fundamental
3029 2 3041 6
3045 2.5
3054 2.5 CH Stretches
3061 3
3100 2
3114 2

aAll frequencies reported in wave numbéesn 1)
"The widths(in cm™) of the transitions are full widths at half maximum.
‘Partially overlapped band.

tween donor and acceptor sites in the two molecules. The
H-bonded OH groups are computed to be nearly planar with
the ring in both structures, with the free OH of water point-
ing out-of-plane.

The global minimum structures for 2PYR-Wand
2HP-W; both consist of distorted water dimers that bridge
the H-bonding site$Figs. 4b) and 8b), respectively. The
former structure is essentially that found experimentally
from the work of Held and Pratf The most remarkable
aspect of these structures is the short distance between the
two water molecules in the bridge, with oxygen—oxygen
separations of only 2.67 A for 2PYR-\and 2.69 A for
2HP-W,. For comparison, the O—0O separation in the water
dimer is 2.95 &% and in icel}, is 2.76 A% This short dis-
tance reflects the cooperatively strengthened H-bonds in the
bridge. In addition, the two H-bonding sites in 2PYR and
2HP appear to be somewhat too closely spaced to accommo-
date a typical water—water separation, resulting in a
“squeezed” dimer. This squeezing is also reflected in
changes in the 2HP and 2PYR molecules themselves, most
notably in increasing th€—-0O—-H bending angle in 2HP to
114°, nearly 7° larger than its value in the 2HP monomer.

The experimentab;— S, origin transition of 2PYR-W
is knowrt? to consist of two transitions split by 0.377 ¢t
The rotational constants of these transitions are nearly iden-
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TABLE Ill. DFT Calculated energies for 2-hydroxypyridine and 2-pyridone clusters.

H-bonded Relative energy Binding Energy
Cluster topology Uncorrected ZPE corrected Uncorrected ZPE corrected

syn2HP 0.00 0.00

anti-2HP 5.70 5.44

syn2HP-W,(A) bridge —11.08 -9.73 11.08 9.73
anti-2HP-W;(B) chain —-1.74 -1.11 7.44 6.55
anti-2HP-W,(C) chain —2.83 -0.21 8.52 5.65
syn2HP-W,(A) W, bridge —-23.21 -17.87 23.21 17.87
syn2HP-W,(B) W, bridgetext. W —-17.53 —-12.81 17.53 12.81
syn2HP-W,(C) W, bridget+ext. W -16.73 —12.24 16.73 12.24
2PYR —-1.93 -1.74

2PYR-W,(A) bridge —-14.21 —11.47 12.28 9.73
2PYR-W,(A) bridge up/down —27.83 —22.52 13.62 20.78
2PYR-W,(B) bridge up/up —-27.11 —21.79 25.18 20.05

&Calculations performed at the Becke3LYP/6+3%* (d) level of theory. All energies reported in kcal/mol.
PRelative energy with respect 8&yn2HP. The absolute uncorrected energyspi2HP is —202 998.39 kcal/
mol.

€Zero-point energy corrections from harmonic frequency calculations at the same level of theory.

tical to one another. Based on the inertial defects of the twd'he scale factor was determined from a best fit of the calcu-
transitions, Held and Pratt have suggested that the two strutated OH stretch frequencies to the experimental positions
tures differ in the nature of the out-of-plane displacements ofor the 2HP-W, and 2PYR-W clusters.

the hydrogen atoms in the two water molecuféBased on

the calculations, we suggest that the two transitions are tunt. The 2PYR-W, complex

neling doublets associated with the “up/down” to “down/
up” flipping motion 3 analogous to that found for the free
OH groups in the cyclic water clustet$®® Several less
stable local minima have been found for 2HR;Wlith bind-
ing energies at least 5 kcal/mol less than that of 2HRAN
The structures of two of these clusté® and Q leave the
single water bridge essentially unperturbed, and add the sec- L L L L e By B B B B B
ond water to an open lone-pair site on the water or 2HP a)

oxygen, as shown in insets to Figdchand 3d), respec-

tively. An alternative structure, in which the second water b)

accepts a H-bond from the bridging water, has not been in-
vestigated because the experimental free OH regig.
5(a)] is inconsistent with an acceptor water molec(hdth PSS
symmetric and antisymmetric stretches close to that in free ©)

watep.

Since the structure of the 2PYR-,Wcomplex is
known!? it serves as a good starting point for the analysis.
The calculated hydride stretch infrared spectrum of the
2PYR-W, complex[Fig. 3@)] is in quantitative agreement

d)

E. DFT frequency calculations and the analysis of the
infrared spectra

Intensity (arb. units)

e)

The computed vibrational frequencies and infrared inten-
sities can be used to analyze the experimental infrared spec-
tra in more detail. Throughout this analysis, primary atten-
tion will be given to the spectroscopic consequences of f)
bridge formation, highlighting the similarities and differ-
ences in the bridges formed in 2PYR and 2HP. The FDIR
spectra of 2PYR-\W clusters withn=1 and 2 are compared PRI N T N S [T T A
with the DFT calculated frequencies and infrared intensities 2800 3000 3200 3400 3600 3800
in Figs. 3b)/3(a) and 4a)/4(h), respectively. The analogous Wavenurmbers (cm'l)
comparisons between the RDIR spectra and theory for
2HP-W,, clusters are shown in Figs(d/3(c) and a)/5(b). FIG. 6. RIDIR and FDIR spectra of aromatiCZV\tlustgrs. The aromatic
The calculated frequencies and infrared intensities are surﬁgrﬁg‘rﬂﬁggrf; g_rea).benze”e'(b) indole, (¢) 1-methyl-indole,(d) trans

. . 3 .. . . , pyridone, andf) 2-hydroxypyridine. Note the increased
marized in Table I\2* The harmonic vibrational frequencies  preadth and large redshift of the H-bonded hydride stretching fundamentals

were scaled by a factor of 0.974 to correct for anharmonicityin (e) 2PYR-W, and (f) 2HP-W,.
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with experiment [Fig. 3(b)]. Most notably, the DFT fundamental, respectively. These separations closely match
Becke3LYP/6-3%G* calculation correctly reproduces the the frequencies of the in-plane bend and stretch of the water
large intensity difference between the two H-bonded bridganolecule against 2HP, assigned recently by Leutwyler and
fundamentalglabeled with a “B” in the figure in the 3300  co-workers based on dispersed fluorescence spechs.a
cm ! region. According to the calculation, this intensity result, we assign the bands at 3511 and 3544'@sB}IM §
asymmetry arises from a strong coupling of the NH and OHcombination bands involving one quantum of bridge stretch
motions along the bridge. As Table IV shows, the two vibra-and one of the intermolecular bend or stretch, respectively.
tions are near-equal mixes of NH and OH oscillation, differ-The band at 3444 cnt is most naturally ascribed similarly
ing in the phase of oscillation of the bonds. Since the twoas a combination band involving a 71 chfundamental. No
bonds are nearly antiparallel to one another, the two vibrasuch vibration was observed by Leutwyler and co-workers,
tions lead to constructivéhigher frequencyand destructive  but the calculations identify the out-of-plane rogk ] at 70
(lower frequency interference between the oscillating bond cm™! (68 cmi ! scaled, in excellent agreement with experi-
dipoles, thereby collapsing most of the intensity into thement. However, such an assignment would cast some doubt
higher frequency fundamental. Based on the calculation, then the assignment made in S&1 of theout-of-plane rock
band at 3289 crm' is tentatively assigned to the weak fun- p; in 2PYR-W, to a frequency of 47 cit, since the calcu-
damental. Matsudat al. chose an alternative assignment of lations predict a near-identical frequency for this mode in the
the weak fundamental to the shoulder at 3327 th We  two complexes.
prefer an assignment of this shoulder to a Fermi resonance- Finally, the free OH stretch at 3714 cthpossesses a
enhanced combination band involving the carboff705 weak shoulder at 3721 c¢m, split from the free OH stretch
cm 1) and C=C(1623 cm?) stretches, based on the assign-fundamental by only 7 cimt. No intermolecular vibration
ment of these fundamentals from the recent FTIR study opossesses such a low frequency, nor are there any 2:1 Fermi
matrix-isolated pyridone monomer by Nowakal® resonance possibilities in this frequency regime. One
The free OH stretch fundamental at 3723 ¢nis sharp  possible explanation is to ascribe the 7 ¢msplitting
and has an integrated intensity ratio relative to the bridgeo an H-atom tunneling motion, probably involving the flip-
vibrations that is in excellent agreement with calculation. Aping coordinate of the free OH in a double-minimum
weak combination band appears at 3770 &nThe narrow  potential well with minima located above and below the
width of this band suggests that it is a combination band builplane of the ring.
off the free OH stretct{F) fundamentali.e., FgX3) involv-
ing a 47 cm* intermolecular vibration X. The frequency of
the out-of-plane bend of watep{) is calculated at 71 cqr.
Since this is the only mode with frequency below 100 ¢m
we tentatively assign the observed combination band as afy 2PYR-W;

F(l)(pl)(l) combination, despite the rather poor agreement be- The calculated IR spectrum of 2PYRMFig. 4(b)]

tween the calculated and experimental frequencies for thghows the anticipated effects of lengthening the water bridge
bend. by addition of a second water molecule between the N-H
and C=0 groups of 2PYR. By comparison to 2PYR\Whe
2. The 2HP-W, complex addition of a second bridging water molecule contributes a
It was noted earlier that the RIDIR spectrum of 2HR-W third bridge fundamental below 3400 cthand a second free
bears a distinct resemblance to that of 2PYR-Whis simi- ~ OH stretch around 3700 cm. The calculated spectrum of
larity is also reflected in the calculated stick spectra for theFig. 4b) matches the general features of the experimental
two complexegFigs. 3c) and 3a)], which is not surprising FDIR scan wellFig. 4@)], consistent with the known bridg-
in light of the bridge structure taken up by each. In 2HR-W ing structure of 2PYR-W!3 The scaled frequencies of the
the two bridge OH stretch fundamentdB) are somewhat transitions are in good quantitative agreement with experi-
more localized than their 2PYR counterparts, leading to anent, but the relative intensities are not, most notably in
greater intensity in the lower frequency band. According tounderestimating the intensity of the lowest-frequency bridge
the calculation, the intense, higher frequency fundamental ifundamental relative to the others. This lowest-frequency
about 70% water OH and 30% 2HP OH, while the lowerfundamental involves an in-phase oscillation of the three XH
frequency mode is its compleme(able V). This greater groups in the bridge, but is concentrated primarily in the NH
intensity, however, is not apparent in the experimental speascillator (Table V). The relative intensities of the three
trum, making an assignment of the lower frequency bridgéridge fundamentals are thus a sensitive function of the rela-
fundamental to the weak band at 3297 ¢ntentative. One tive amplitudes of oscillation of the three XH groups in the
surmises on this basis that the calculations somewhat unddbpridge.
estimate the extent of mixing between the bridge OH groups A complex set of bands due to the CH stretches of 2PYR
in 2HP-W,. is observed on the low-frequency side of the bridge funda-
There are several weak bands that appear on the higmentals. These bands have gained intensity by mixing with
frequency side of the 3373 cm fundamental. These occur the hydride stretch vibrations. The complexity of the CH
at 3444, 3511, and 3544 crh frequencies too high to be stretch region also points to some Fermi resonant mixing of
ascribed to 2:1 Fermi resonances involving 2HP modes. Thehe CH stretches themselves, probably with overtones of the
latter two bands are 138 and 171 chabove the 3373 ¢t CH and NH bends.
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TABLE IV. DFT calculated harmonic vibrational frequencigsm™3),® in-
frared intensities(km/mol), and percent character and relative phése
parenthese@sof oscillation of the XH-stretches for 2PYR-W\and 2HP-W,

clusters:
Freq. Intensity 2PYR NH W) OH W(2) OH
2PYR 3595 73
3144 3
3136 18
3114 11
3102 13
2PYR-W, 3715 79
3353 917  37-) 63 (+)
3293 48 61(+)  39(+)
3158 5
3149 4
3139 1
3108 13
2PYR-W,(A) 3714 89
3707 66
3308 1195 0 59+) 41 (—-)
3246 1252 23—)  31(+)  46(+)
3159 10
3155 344  60(+) 20 (+) 20 (+)
3150 21
3140 0
3109 15
2PYR-W,(B) 3718 97
3710 64
3323 984
3261 1373
3167 381
3157 13
3149 8
3139 0
3108 15
Freq. Intensity 2HP OH W) OH W(2) OH
syn2HP 3595 73
3144 3
3136 18
3114 11
3102 13
Syn2HP-W,(A) 3705 92
3375 1058 32-) 68 (+)
3264 284 70+) 30 (+)
3145 3
3138 17
3114 12
3102 14
2HP-W,(A) 3709 74
3701 84
3314 688 18—) 64(+) 18(-)
3198 2526  39-) 7(+) 54 (+)
3146 16
3139 23
3122 102 47+) 21(+) 31(+)
3113 24
3098 13

dCalculated at the Becke3LYP/6-3G* (d) level of theory.
bFrequencies have been scaled by a factor of 0.974.

“The reader is referred to EPARRef. 33 for the infrared frequencies and
intensities of higher energy conformers of 2HP and 2HR-W

Florio et al.

4. 2HP-W,

The RIDIR spectrum of 2HP-W Fig. 5a)] is compared
with the calculated stick spectra for the three potential iso-
mers of 2HP-W in Figs. §b)—5(d). A notable difference
between the three calculated structures is that isomers B and
C possess a weak H-bond due to the “exterior” water mol-
ecule, while isomer A does not. These exterior H-bonds pro-
duce XH stretch fundamentals above 3500 ¢nwhere no
such band exists in the experimental spectrum. Instead, the
RIDIR spectrum has all its intense transitions below 3400
cm 1. We surmise on this basis that the experimental spec-
trum must be due to the bridge structure 2HBAY, which
is the global minimum according to the calculations
(Table 11I).

An assignment of the bands below 3400 ¢nis facili-
tated by a consideration of the calculated form of the normal
modes for the three H-bonded bridge OH fundamentals. As
in 2PYR-W,, these normal modes involve substantial oscil-
lation of all three OH groups in the bridge. However, the
distribution of motion amongst the three OH groups is not
equal. As shown in Table IV, the water—water bridge OH
[labeled W1) OH in the tablé contributes most to the
highest-frequency mod&4%), while the parallel and anti-
parallel oscillation of the bridge ends dominates the two
lower frequency normal modes. In much the same way as in
the 2PYR-W and 2HP-W complexes, parallel oscillation of
these bridge ends produces an intensity enhancement in the
middle-frequency bridge fundamental, while the antiparallel
oscillation leads to a suppression of intensity in the lowest
frequency mode.

As the dotted lines in Fig. 5 indicate, based on the cal-
culations a tentative assignment of the entire band centered
on 3180 cm* to the enhanced middle-frequency fundamen-
tal can be made. The band at 3380 ¢nis then assigned to
the water—water bridge OH. No firm assignment of the weak,
lowest frequency fundamental is possible, though the weak
band at 3040 cit is the most likely possibility. If this as-
signment for the OH stretch fundamentals is correct, it ne-
cessitates that the band at 3300 ¢rbe assigned either as an
XH/intermolecular combination band built off the 3180
cm ! fundamental, or to a band appearing due to Fermi reso-
nance with the bridge OH stretches. In the latter interpreta-
tion, the two water OH bend fundamentals, with scaled fre-
quencies of 1640 and 1655 ctare likely candidates for the
2:1 Fermi resonance at 3300 chn

IV. DISCUSSION
A. Hydrogen-bonded water bridges

The FDIR spectra of 2PYR-Wand the RIDIR spectra
of 2PYR-W, clusters withn=1 and 2 provide spectroscopic
signatures for hydrogen-bonded water bridges stretched be-
tween adjacent donor and acceptor sites in the two tau-
tomers. The similar over-all appearance of the spectra of the
bridged tautomers is a result of a clean division of the normal
modes into bridge XH stretches and free XH stretches, with
the former appearing several hundred wave numbers lower in
frequency than the latter.
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The differences that do exist in the region of the bridge = The unmistakable conclusion of this comparison is that
fundamentals occur because the bridge mode frequencies atite 2PYR-W and 2HP-W clusters have hydride stretch fun-
relative intensities depend to some degree on the nature afamentals that are qualitatively broader than the others. In
the bridge termination sites and the degree of coupling be2PYR-W,, these widths are about 40 ¢ while in
tween the XH groups in the bridge. Given the 150 ¢m 2HP-W, they approach 100 ¢t or more. That the indi-
frequency difference between the NH stretch of 2PYR monovidual bands are still assignable by comparison with the har-
mer (3448 cm 1) and the OH stretch of 2HP monom@&598  monic frequency calculations indicates that the hydride
cm™ b, it is somewhat surprising that the calculated form ofstretch fundamentals carry the oscillator strength for the en-
the normal modes in the water-containing bridges are atire broadened band. At issue, then, is a plausible explanation
similar as they are to one another. As is evident from Tabldor the dramatic increase in breadth observed. Several pos-
IV, the bridge fundamentals are substantially delocalizedible reasons can be postulated.
over the two or three XH groups that make up the bridge.

The relative phases and dominant contributors to the modes
are calculated to be similar in the two tautomers. 1. Congestion from more than one species

In the W, bridges, the two XH oscillator§\H- --OH- - -O If the IR spectra were to contain contributions from two
in 2PYR-W; and OH--OH---N in 2HP-W)) are strongly or more species, the increased congestion could lead to an
coupled to one another, leading to near-equal mixes of thgpparent increase in the breadths of the bands. Of course, the
two XH local modes that constructively and destructively strength of the double resonance methods employed here is
interfere with one another as the phase of the two oscillatorgat multiple species can only contribute to the spectrum if
is changed. they also contribute to the ultraviolet transition used to moni-

In the W, bridges, the coupled motion of the three bridgetor the ground state population. This is often not an issue,
oscillators is evident in all three normal modes, with theespecially in the supersonic expansion. However, it is an
largest contribution to each one retained in the two tauestablished fact that th® — S, origin of 2PYR-W, contains
tomers. In going from highest to lowest frequency bridgetwo bands'® unresolved at the ultraviolet laser resolution
Vibration, the phases of the XH oscillators resemble IOngitU'used in recording the FDIR Spectrum_ The tentative assign_
dinal phonons containing two, one, and no nodes, respegnent put forward for this doublet is as a tunneling doublet
tively (Table 1V). This lowest frequency bridge vibration is jnyolving the flipping coordinate of the free OH groups that
the one most closely linked with the water-assisted protofinterconverts up/down and down/up minima. If so, the bridge
transfer reaction coordinate. OH stretches should be only slightly affected by the motion,

The fact that the donor and acceptor H-bonding sites 0Rnd cannot contribute substantially to the extreme breadths
2PYR and 2HP are adjacent to one another makes it possiblg the observed bands.

to form water bridges containing only one or two water mol-
ecules. However, more generally, there is growing evidence
that sites quite remote from one another can be linked by. H-atom transfer

- : 18
water molecules forming a bridge between thérii” The According to the calculations of Fielet al,'° the barrier

spec_troscop_ic signatures of these longer bridges will be infor concerted H-atom transfer, which converts 2PYR-W
triguing subjects for future study. into 2HP-W,, is on the same order as the infrared photon
used to excite the clusters. As Pate and co-workers have
shown recently/“® infrared excitation above the barrier to
isomerization produces mixed states encompassing the full
Perhaps the most striking feature of the IR spectra, parvibrational state density at that energy, including levels with
ticularly of the W, bridges, is the unusual breadth of the different isomeric character. In the present case, then, one
bridge fundamentals in this small a cluster. To drive thiswonders whether the mixed states produced by OH stretch
point home, Figs. @& —6(d) present a sampling of infrared excitation might include tautomer levels in which H-atom
spectra of aromatic Y/clusters studied in our laboratory for transfer has occurred. If the coupling to the reaction coordi-
comparison with the 2PYR-Wand 2HP-W spectra[Figs.  nate were very strong, one could imagine an increase in the
6(e), 6(f)]. The aromatic chromophores are benz¢Rey.  breadth due to this coupling.
6(a)],*°~*? indole [Fig. 6(b)],>°*® 1-methyl-indole [Fig. Two facts argue against this possibility. First, there is
6(c)],%° andtrans-formanilide[Fig. 6(d)].** In each case the little difference in the breadths of the bridge fundamentals,
water molecules form a water dimer, attached to the aromatieven though only one of the modes should be strongly
molecule via ther-cloud (benzene, 1-methylindolean NH  coupled to the H-atom transfer reaction coordinate. In both
group (indole), and a =0 group(transformanilidg. Note  the W, and W, bridges, the lowest-frequency vibration, with
that the latter two groups are the isolated donor and acceptdts in-phase oscillation of all oscillators, would be anticipated
sites of 2PYR. The assignment of ttransformanilide-W,  to be the mode most closely associated with the tautomeriza-
spectrum to an isomer in which the water dimer is attached afon reaction coordinate. Of the four bridges studied here,
the C=0 site has been made previously by the groups obnly the 2PYR-W cluster places substantial oscillator
Simong”* and Cablé’® and is readily confirmed from an strength in this in-phase oscillator. However, its breadth is
inspection of the RIDIR spectrum, which shows a sharp, unvery similar to that of the other two bridge fundamentals in
perturbed free NH stretch afans-formanilide at 3465 cr. 2PYR-W,.

B. The unusual breadths of the bridge fundamentals
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Second, we have obtained preliminary spectra ofundamentals and the background states of about 50t.cm
oxindole-W,, anothercis-amide like 2PYR, but one which The density of these bath states are dominated by the inter-
does not have an energetically-accessible second tautomerlecular modes that stretch and bend the H-bonds in the
which can be reached by H-atom transfeAs we will re-  bridge, but whether the full density of states is involved in
port elsewhere, the bridge fundamentals in oxindolepds-  producing the large breadth is unclear. Given the unusually
sess a similar breadth to those in 2PYR;Weading to the  short water—water separation in these “squeezed” water
conclusion that a mechanism other than H-atom transfer igridges, one would anticipate unusually strong mechanical

responsible for the observed broadening. coupling across the bridge as the individual XH links in the
bridge expand and contract. Furthermore, the background
3. The bridge itself states involved in the broadening could include states in

It seems most likely, then, that the broadening of theWhich one of the H-bonds in the bridge is partially or fully
bridge fundamentals is inherent to the water bridge itselfProken. Quantitative theoretical modeling of the potential en-
Early infrared studies of hydrogen-bonded complexes recocffdy surfaces for the intramolecular and intermolecular
nized that the breadth of an XH stretch fundamental is corPridge coordinates is still needed to put such qualitative ar-
related with the strength of the XHY H-bond formed?®  guments on firmer footing.

Thus, the observed breadths in 2PYR-#d 2HP-W are a

response of the bridge XH groups to the formation of par-

ticularly strong H-bonds associated with the bridge. Forma-

tion of a bridge between donor and acceptor sites on the ring

has much the same effect as closing a cycle in the pure watdr CONCLUSIONS

clusters! In so doing, the number of strong H-bonds is ] ) ] )
maximized. At the same time, the completion of the bridge ~ 1HiS article has reported the hydride stretch infrared
produces a cooperative strengthening of the H-b8Adhat spectral signatures of the H-bonded bridges folrmed. in
the 2PYR-W and 2HP-W clusters have large binding ener- 2-PYR-Wn and- 2HP-W clusters. The XH stretch region di-
gies is immediately apparent from the greater frequenc%‘des c_IeanIy into fre(_a OH stretc_hes due to the dangling OH
shifts of the bridge fundamentals in these clusf€igs. ge), onds in the water bndgg and bridge fundamentals due to the
6(f)] relative to the other cases studigdgs. 6a)—6(d)]. The H-bonde-d XH groups which make up th_e brldge._ The spectra
calculations bear this out. The total, zero-point energy corShow evidence of the strong H-bonds in the bridge, both in
rected binding energies calculated for 2PYR-Vénd the large frequency shifts of the bridge fundamentals and in

2HP-W, (20.8 and 17.9 kcal/mol, respectively, without cor- the unusual breadths of these fundamentals. Though these
rection for basis set superposition ejroyield average Preadths may have contributions from the water-mediated

H-bond energies per H-bond of about 6-7 kcal/mol. Bytautomerization reaction, it is more likely that the breadths

comparison, the total, ZPE-corrected binding energies ofimply reflect the strong coupling of the bridge XH groups
benzene-W,*? indole-W,,%° 1-methyl-indole-W,3° and  With bath states involving the intermolecular modes that

trans-formanilide-W,*® are all calculated to be less than 13 stretch and buckle the bridge.
kcal/mol. It is likely that such H-bonded water bridges are impor-
The deeper question, though, is why strengthening théant in a variety of situations in which partial water solvation
H-bonds in the bridge leads to broadening. There are mangf a solute with multiple H-bonding sites occdfs®®?Such
examples in which strong H-bonds produce XH stretch funbridges have been implicated as important factors in stabiliz-
damentals that are spread over several hundred wave nuifig protein conformations in solutid. Their study in iso-
bers, with extensive substructure appearing underneath thated, gas-phase clusters offers the opportunity to spectro-
overall band profile® A proper theoretical description of scopically characterize the bridges as a function of the
such spectra has occupied the attention of many groups ovéistance, orientation, and nature of the H-bonding sites on
the past several decad®s*-¢°The growing consensus of the solute and the number of water molecules in the
such studies is that the overall width and substructure is thel-bonded bridge.
spectroscopic manifestation of strong anharmonic coupling The 2PYR-W, clusters have provided an example of the
of the XH stretch to the XH-Y intermolecular stretch, fur- water bridges linking the N—H and=€0 sites of acis-amide
ther complicated by Fermi resonant mixing with overtones offunctionality. In seeking a fuller understanding of the effects
the XH bends® Our spectra show the beginnings of such athat modifying the cis-amide group can have on these
breakup of the spectrum, most notably in the 3300 tm bridges, we are pursuing several avenues. To better probe the
band in the 2HP-Wspectrum. However, at issue here are thesensitivity of the bridge spectra to subtle changes incibe
widths of the individual XH stretch fundamentals that makeamide configuration, a systematic study of othEramides
up the bridge. These widths are handled by current theorigs currently being pursued in which the N-H ang=O sites
of strong anharmonic coupling only as a generic, mediumare modified from their configuration in 2PYRSecondly, it
induced damping® In the gas phase, the cluster itself mustis of interest to form and study longer H-bonded bridges
provide the bath of states responsible for this damping.  between remote sites on aromatic solutes. Finally, an analy-
According to Fermi's Golden Rul®, the observed sis of the complex, substructured XH stretch spectra that
breadths of the hydride stretch bands must arise from aarise in the double bridges formed in the strongly H-bonded
average coupling matrix element between the hydride stretctlimers of benzoic acid and oxindole is being pursued.
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