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The excitation energy in the multiphoton ionization spectrum ofttaes 1-naphthol/N cluster shows only

a small red shift with respect to isolated naphthol, indicating a van der Walatgind structure rather than

a hydrogen-bonded one. To confirm this interpretation, high-level electronic structure calculations were
performed for severat- and hydrogen-bonded isomers of this cluster. The calculations were carried out at
the second order MgllerPlesset (MP2) level of perturbation theory with the family of correlation consistent
basis sets up to quintupleguality including corrections for the basis set superposition error and extrapolation

to the MP2 complete basis set (CBS) limit. We report the optimal geometries, vibrational frequencies, and
binding energiesle), also corrected for harmonic zero-point energieg (for three energetically low-lying
isomers. In all calculations the lowest energy structure was found to be an isomer with thelétule

bound to ther-system of the naphthol ring carrying the OH group. In the CBS limit its dissociation energy
was computed to bB, = 2.67 kcal/mol (934 cmt) as compared t®, = 1.28 kcal/mol (448 cmt) for the
H-bound structure. The electronic structure calculations therefore confirm the assignment of the experimental
electronic spectrum corresponding to a van der Waab®und structure. The energetic stabilization of the
sw-bound isomer with respect to the hydrogen-bonded one is rather unexpected when compared with previous
findings in related systems, in particular phenel/N

Introduction Since 1-naphthol and phenol have similar acidities, the
H-bound structure was also expected to be more stable for the

: - 1-naphthol cluster. Surprisingly, our earlier multiphoton ioniza-
a challenge for both experiment and thebryOngoing research . - . .
g Xper yOngoing tion (MPI) experiments on various 1-naphthol clusters yielded

on this class of systems is mainly fueled by their importance as i "

models for solvation and condensed-phase chemistry, but alsoor_]Iy a smal! red shift (.)f the 5— S tra_nsm(_)n for the cluster
by the role of noncovalent interactions in determining the with one N ligand alndllntermolecular vibrational wayenumbers
structure of macromolecules, in particular biomolecthile that were more similar to the ones observed zirbound

numerous clusters solvated by rare gas atoms have been studiefUSters:* To our surprise, we found in accompanying RI-MP2
in great detaif-8 much less is known about clusters solvated computations that twar-bound isomers were lower in energy
by molecules such as nitrogen. Binding to thesystem of  than the H-bound isomer. However, the cc-pVTZ basis set
chromophores such as benz&nkealogenated benzentsp- empl_oyed in t_hese earlier stud_les did _not contain diffuse basis
difluorobenzené! toluenel? and pyrimidind3 has been previ- funcnpn;, which may be considered important for the proper
ously investigated both experimentally and computationally. description of van der Waals forces of noncovalently bound

Aromatic alcohols such as phenol or naphthol are a particu- systems. In addltloq, no vibrational frequencies were computed,;
larly interesting group of chromophores because they offer two thus only the relativeDe values were compared rather than
different binding sites for ligands: the OH group and the including the effects of zero-point correctiori3of.
m-system of the aromatic ring. While the proton acidity favors In the present study we interpret the experimental data by
a H-bound structure, the polarizability of the aromatic ring can comparing them with the results of highly accurate ab initio
also result inr-bound structures. For phenol clusters a prefer- calculations employing basis sets with diffuse functions for a
ence for H-bonded pwas found, as evident from the red shift proper description of dispersion forces. We also report harmonic
of the § — S transition and the observed red shift in the frequencies for all cluster structures to obtain binding energies
frequency of the ©H stretching vibratio* 16 Subsequent  corrected for zero point energy contributiofy, Several low-
rotationally resolved measurements confirmed this assuniption energy isomers of thzans-1-naphthol/N cluster were inves-
and resulted in good agreement between experimental data andigated. Most previous studies of van der Waals bound clusters
ab initio calculations. On the other hand, clusters of less acidic of aromatic molecules were carried out at the second order
chromophores offering two binding sites with nitrogen, such perturbation (MP2) level of theory and typically employed basis
as aniline!® ethylaniline}® and aminophend® were shown to  sets of double: quality, which are hardly sufficient to quanti-
be van der Waals bound. tatively account for an accurate description of the absolute and
relative energetics of structures with different bonding charac-
__*Corresponding authors. E-mail: sofiris.xantheas@pnl.gov (S.S.X.); teristics. Additionally, diffuse functions are necessary in order
ingo@phys-chemie.uni-wuerzburg.de (I.F.). . - o .

T Pacific Northwest National Laboratory. to obtain a better description of polarization effe€t$n this

* University of Wirzburg. study we carry out an extrapolation of the cluster binding energy,
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The structure of noncovalently bonded clusters still represents
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including corrections for basis set superposition error, to the the MP2 optimal geometry obtained with basis sefn’ = 2,
MP2 complete basis set (CBS) limit for a comparably large 3), and Ea(n//n') and Eg(n//n") are the corresponding MP2
complex. This includes the use of basis sets as large as quintupleenergies of the isolated fragments. In this notation the cluster
. Previously, only small hydrogen-bonded complexes have beenbinding energiesAE(2//2), AE(3//3), AE(4//3), and AE(5//3)
investigated at this levéP~25 only recently the results for larger ~ were computed.

clusters of water with up to 20 molecules have been reported The basis set superposition error (BSSE) correction was

at this level of accuracyf—28 estimated via the function counterpoise (fCP) methotluding
the fragment relaxation teri#tswvhich arise from the change in
Computational Methods the intramolecular geometry of each of the monomers in the

cluster minimum. A total of four additional calculations (each
monomer with the full cluster basis at the cluster and isolated
geometries) are therefore required for each BSSE calculation.
Note that the MP2 geometry optimization was performed on
the BSSE-uncorrected potential energy surface.

The MP2/CBS (complete basis set) limit\Ecgs, was
estimated for both the uncorrected and BSSE-corrected binding
energies following an approach that is based on a least-mean-
squares fitting of the binding energi@E with respect to the
cardinal number of the basis sefnh = 2—5) using the following
equations:

(i) The first is a polynomial of inverse powers of 4 and 5
(4—5 polynomial)36-38

Initially the geometries and ground electronic state dissocia-
tion energiede (alternatively binding or stabilization energies
E are used, defined a8 = —Dg) of several stabldrans1-
naphthol/N cluster structures were optimized at the Mgler
Plesset second order perturbation theory within the valence
electrons only (frozen core) approximation. The resolution of
identity approximation RI-MP2 as implemented in the Turbo-
mole prograr® was used for these initial calculations. This
approximation uses an auxiliary basis set in computationally
costly four-center integrals. The cc-pVTZ basis set and the RI
auxiliary basis (also of the cc-pVTZ type) were used as supplied
by the program.

Due to the flat nature of the potential energy surface
describing these clusters, the SCF convergence for the energy 4 5
was set to 10° hartree. For the optimization of the cluster AE = AEqgg+ Y/(Imax t 1)" + 0/(I oy + 1) (2)
structures we chose 1®hartree for the total energy convergence
threshold and 16 hartree/bohr, respectively hartree/degree for Where Imax is the value of the highest angular momentum
the maximum norm of the Cartesian gradient as the convergencefunction in the basis set.
criterion. (i) The second is an exponential dependéPfic® on the

The geometries of the three most stable isomers from thesecardinal number of the basis se{n = 2, 3, 4, 5 for the sets of
initial optimizations were subsequently refined during optimiza- double through quintuple zeta quality, respectively):
tions at the MP2 level of theory with the aug-cc-pVDZ and
aug-cc-pVTZ basis se®8:31During our earlier studies of small AE = AEqgg + aexp(=pn) (3)
and medium size water clustéfsye have concluded that their
geometries are converged at the MP2/aug-cc-pVTZ level of Results
theory and, to converge the absolute binding energies, single-
point calculations with larger basis sets (aug-cc-pVQZ and aug-
cc-pV5Z) are required at the MP2/aug-cc-pVTZ optimized
geometries. This strategy was followed in the present investiga-
tion. Vibrational frequencies for all three structures were
computed at the MP2 level of theory with the aug-cc-pvVDZ
basis set. These calculations were carried out using the
NWChem suite of codé%on phase 2 of the newly acquired
massively parallel Hewlett-Packard supercomputer at the Mo-
lecular Science Computing Facility in the William R. Wiley
Environmental Molecular Sciences Laboratory at Pacific North-
west National Laboratory. The 11.4 teraflop supercomputer
consists of 1900 1.5 GHz Intel Itanium 2 processors coupled
together with Quadrics interconnect. The system has 7 terabyte
of memory and over 1/2 petabyte of total disk storage, making
it a uniquely _balancegl resource for c_omputatlonal chemlst_ry. the band origin nor the low-lying fundamentals of the cis isomer
The largest smgle-pc_)lnt MP2 .callculanon was performed with can be ionized in a [ 1] experiment. By comparing the cluster
the aug—pc-pVSZ basis set, which is comprised of the Segmemecjspectrum with that of freans 1-NpOH, several intramolecular
contractions [6s5p4d3f2g1H] (1s1p1d1figlhy for the carbon, vibrations can be identified in the spectrum of the cluster,
hitrogen, and oxygen atoms and_[534p3d2f%g(|1slpld1flg) confirming that we indeed observe the region of the-SS
for the hydrogen atoms, respectively, encompassing a total of

2291 contracted G ian basis functi All calculati transition. A scan at better resolution, depicted in the lower trace
contracted -aussian basis functions. All caiculations Were ¢ Figure 2, shows that the major peak, assigned to the origin,
performed undeC; symmetry.

T 4 is accompanied by a low-frequency structure with several bands

The cluster binding energids are computed as corresponding to a progression in either one or two intermo-
lecular modes. In addition, a band aroureb6 cnt? is

AE(WIN) = Epg(nVin') — Ep(n/in') — Eg(n//n) - (1) identified. To test whether all bands originate from the same

isomer, spectral hole burning (SHB) spectra were recorded with

whereEag(n//n') is the MP2 energy of the naphthdl, complex the burn laser tuned to the most intense band in the REMPI

with basis seh (n = 2, 3, 4, 5 for the aug-cc-pVDZ, aug-cc- spectrum (Figure 2, upper trace). All bands observed in the

pVTZ, aug-cc-pVQZ, and aug-cc-pV5Z sets, respectively) at REMPI spectrum were indeed present in the SHB spectrum;

Experiments. The experimental details are described else-
where?! In brief, [1 + 1] MPI spectra of 1-naphthol/\tlusters
were recorded in a standard molecular beam apparatus equipped
with a time-of-flight (TOF) mass spectrometer. The frequency-
doubled output of a Nd:YAG laser pumped dye laser was
employed for cluster excitation. The f 1] REMPI spectrum
of the 1-NpOH/(N) clusters is depicted in the upper trace of
Figure 1.

It is dominated by a single peak, assigned to the origin
transition and red-shifted by about 14 chnelative to fregrans
1-NpOH (bottom trace of Figure 1). In principle, 1-naphthol
can exist in two different rotamers, with the OH group oriented
in either the cis or trans position with respect to the aromatic
Sring, but from the analysis of the electronic spectrum of free
1-naphthol by Knee and co-worké&#43it is evident that neither
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Figure 1. [1 + 1] REMPI spectrum of the 1-NpOH/@)\cluster (upper
trace). It is slightly red-shifted by 14 crhrelative to the spectrum of
free 1-naphthol (lower trace).
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Figure 2. [1 + 1] REMPI (lower trace) and SHB (upper trace) spectra
of the 1-NpOH/N cluster in the energy region of the § S origin.

In the SHB spectrum the signal laser was tuned to the origin transition
of the cluster.
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H-bound

R1a R1b

Figure 3. Geometries of the three lowest energy isomers oftthe
NpOH/N, cluster considered in this study. The center-of-mass coor-
dinate system of-1-NpOH used to discuss the-bound isomers is
given for theR1b structure.

TABLE 1: Geometric Parameters at the Minimum Energy
Geometries of thez-Bound Isomers Obtained at the MP2/
aug-cc-pVTZ Level of Theory?

N2 COM in t-1-NpOH

angle (deg) between

COM coord system (A) N, and
isomer a b c abplane a-axis
R1b 0.560 —0.414 3.086 3.8 62.5
Rla 0.408 —0.330 3.106 5.0 7.8

2The position of the K center of mass (COM) is given in the
naphthol center-of-mass coordinate system. The position along the
c-axis corresponds to the distance betwegrahd the aromatic ring.

TABLE 2: Minimum Energy Geometry of the H-Bound
Isomer at the MP2/aug-cc-pVDZ Level of Theory

H—N OHN HNN
distance (A)  angle (deg) angle (deg)
H-bound isomer 2.24 172.7 176.4
phenol/NY 2.40 168.1 172.3

than in phenol/M* and more similar to the frequencies observed
in 1-NpOH/Ar2t

Computations. Figure 3 shows the three isomers of the
cluster that are considered in the present investigation: one
bound via a hydrogen bond to the naphthol OH group (left-
hand side) and two bound by van der Waals interactions to the
aromatic z-system. The twar-bound isomers differ by the
orientation of the Mligand relative to the ring. In one isomer
(termedR14) the nitrogen ligand lies almost perpendicular to
the C-0O bond; in the second one (term&db) the nitrogen
molecule is oriented close to the short axis of the ring and has
only a small angle relative to the-€ bond.

These two structures were identified as the two energetically
most favorabler-bound structures in RI-MP2 calculations. The
relevant intermolecular geometry parameters are summarized
in Tables 1 f-bound) and 2 (H-bound). Note that our earlier
RI-MP2 results yielded similar geometric parameters. For the
sw-bound isomers we chose to report the position of the center
of mass of the nitrogen molecule relative to the center-of-mass

thus at first glance there seems to be no evidence for a secondoordinate system of isolatetlans-1-naphthol. Thea- and
isomer. SHB experiments on some of the weaker bands wereb-axes of this coordinate system are drawn inRiid structure

unsuccessful.

Surprisingly the red shift of the;S— S origin is much closer
to the value observed for the 1-NpOH/Ar clust&Heq = 15

on the right-hand side of the figure. Theaxis is oriented
perpendicular to the naphthol plane. The distances between the
ring and the N are 3.086 and 3.106 A, respectively, significantly
less than the ones computed for the benzenafid toluene/H

cm™1) and to nitrogen clusters of substituted benzenes than to complexes o = 3.46 and 3.48 A, respectivelj344 However

the value observed in phenol/NAlthough the red shift does
not provide in itself evidence for any structure because it is a

due to the large anharmonicity of the potential, the experimen-
tally measurable bond length might be longer by 2630 pm.

measure of the difference in binding energies between the |n hoth isomers the Nis tilted out of the aromatic plane by a
ground state and the excited state, we would expect a significantsmall angle (3.8and 5, respectively).

increase in the binding energy upon excitation for a hydrogen-
bound cluster, and thus a larger red shift. In addition, the

For the H-bound isomer our MP2/aug-cc-pVTZ optimizations
yielded a minimum energy structure that h@s symmetry.

vibrational intermolecular frequencies are considerably smaller However, the MP2/aug-cc-pVTZ energy difference between this
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TABLE 3: MP2 Energies (in hartrees) of the Three Cluster Isomers and the Corresponding Fragments for the Different

Basis Set3
molecular system aug-cc-pvDZ aug-cc-pvTZ aug-cc-pvQZz aug-cc-pV5Z
N2 —109.280 650 3 —109.364 799 9 —109.393 666 1 —109.404 028 9
1-transsNpOH —459.807 930 2 —460.202 122 9 —460.329 500 0 —460.373 754 8

H-bound isomer
s-bound isomerR1b)
m-bound isomerR1a)

—569.092 894 2
—569.096 325 4
—569.096 098 9

aThe energies correspond to the optimized geometries with the aug-cc-pVDZ and aug-cc-pVTZ basis sets and to single point energy calculations

—569.570 964 7
—569.573 206 7
—569.573 050 2

—569.726 768 0
—569.728 686 9
—569.728 490 8

—569.781 1326
—569.783 008 8
—569.782 8115

with the aug-cc-pVQZ and aug-cc-pV5Z sets at the MP2/aug-cc-pVTZ optimal geometries for all molecular systems.

TABLE 4: Dissociation EnergiesD, and Dy (in Parentheses) in kcal/mol of the Three Cluster Isomers for the Different Basis

Sets Used in This Study

H-bound isomer

m-bound isomerR1a)

m-bound isomerR1b)

RI-MP2/cc-pVTZ uncorrected 2.35 3.08 3.23
BSSE-corrected 1.76 2.08 2.22
MP2/aug-cc-pVDZ uncorrected 2.707 (1.993) 4.718 (4.249) 4.860 (4.360)
BSSE-corrected 1.641 (0.932) 2.384 (1.916) 2.499 (1.999)
MP2/aug-cc-pVTZ uncorrected 2.536 (1.827) 3.845 (3.374) 3.943(3.442)
BSSE-corrected 1.858 (1.149) 2.817 (2.347) 2.932 (2.430)
MP2/aug-cc-pvVQZ uncorrected 2.257 (1.547) 3.341 (2.873) 3.464 (2.965)
BSSE-corrected 1.929 (1.221) 2.942 (2.473) 3.063 (2.562)
MP2/aug-cc-pV5Z uncorrected 2.101 (1.392) 3.154 (2.685) 3.279 (2.779)
BSSE-corrected 3.116 (2.630)
MP2/CBS (exponential) uncorrected 2.65 (2.47) 3.07 (2.57)
BSSE-corrected 1.96 (1.25) 2.99 (2.52) 3.13(2.63)
MP2/CBS (polynomial) uncorrected 1.91 (1.20) 2.81(2.34) 3.02 (2.52)
BSSE-corrected 1.99 (1.28) 3.03 (2.56) 3.17 (2.67)

a Zero-point corrections were estimated from harmonic vibrational frequencies with the aug-cc-pVDZ basis set. In addRiorglties obtained
during earlier RI-MP2 calculations are also noted. The CBS estimates (see text) are also listed.

minimum and the lowest energy structure optimized ur@er 1.0 :— —
symmetry is quite small%0.007 kcal/mol or 2.5 cml); thus tD @
when zero point energy effects are considered, the cluster will 15 ¢

be quasi-planar. As can be seen from Figure 3 and Table 2, the 20k
orientation of the nitrogen molecule with respect to the OH '
group deviates slightly (3% from linearity. Overall, the 25E
geometry of the H-bound isomer is similar to the structure

252
6\8‘29 2.63

calculated for the phenolA\tlusterl?:45 30F /

The MP2 energies (in hartrees) for all three isomers and the 35F +Hbound 3
individual fragments are summarized in Table 3 for the different T F / :::21: ;
basis sets used in this study. The dissociation enemjiesd 40 F —0O— H-bound (BSSE corrected ) ]
Do are listed in Table 4 and depicted graphically as filled it :g:g}f;gggg;‘gg:g:g))

W l . 3

symbols in Figure 4. Two observations are evident from the
results with all basis sets used in this study: (i) bethound
isomers are lower in energy than the H-bound isomer and (ii)
the R1b) isomer with the N molecule oriented close to the

.//I

1 1
D ﬁ\ﬁ\; — 1.96 ]
20F e —

25E

cluster dissociation energy / kcal/mol

short axis of the ring is the minimum energy structure. For ?X'/ 1
example, the MP2/aug-cc-pV5Z results yiégd = 2.779 kcal/ s0E —— 2.99
mol (972 cnt?) for the (R1b) isomer compared to 1.392 kcal/ T E 8\8;2 EXEE
mol (487 cn1?) for the H-bound isomer. Inclusion of zero point 35F 3 -
energy corrections lowers the binding energy of the H-bound ; / ]
isomer slightly more than that of thebound isomer. Further- 40 F —=— H-bound 3
more, the magnitude of the dissociation energies of all isomers : / 1212 3
tends to decrease upon increasing the size of the basis set. Since 4 | —C—H-bound (BSSE corrected)
[ —O— R1a (BSSE corrected)

this effect is more pronounced for thebound isomers, the E o«

—O— R1b (BSSE-corrected)
energy difference between them and the H-bound isomer L L

av5Z CBS limit

becomes smaller. While the energy difference between the most avbz aviz ) avaz BSSE
stable R1b) and the H-bound isomers 8Dy = 2.367 kcal/ basis set conected

mol with the smallest aVDZ basis set, it reduce@ = 1.387 Figure 4. Variation of the cluster dissociation energigs(lower panel)

kcal/mol with the largest aV5Z basis. and Do (upper panel) with basis set for the three most stable cluster
The strong basis set dependence of the isomer b'nd'nglsomers oft-1-NpOH/N.. The filled symbols correspond to the MP2
energies dictates the need to correct for the basis set superposiuncorrected energies; the open symbols correspond to BSSE-corrected
tion error (BSSE) to obtain an accurate description of binding ones. Ther-bound isomerR1b) is the most stable one with all basis
in this noncovalently bound system. Therefore, we carried out Sets employed in this study. The closeness of the energies to the CBS
the corresponding corrections for BSSE as well as complete limit (exponential fit), indicated in the figure, shows that convergence
basis set extrapolations using either a polynomial or an has been practically achieved with the largest basis sets used.
exponential fit (see previous section). The results are also Figure 4. The BSSE-corrected binding energies display a smaller
summarized in Table 4 and represented as open symbols inrelative variation with basis set than the uncorrected ones. For
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TABLE 5: Harmonic Wavenumbers of the Intermolecular only 0.11 kcal/mol (38 cm?); thus both could be formed in
Vibrational Modes (in cm™?) of the Three Energetically Most almost equal amounts in a free jet expansion. We therefore can
Favorable Isomers expect both isomers, which can be considered isomers of a
H-bound isomer z-bound isomerR1a)  z-bound isomerR1b) hindered rotor, to contribute to the electronic spectrum. This
ve 18.3 (B2 26.9 (@) 36.5 (@) assumption complicates the assignment of the vibrational
vy 19.6 () 31.6 (35) 31.4 (5) structure. In principle, individual peaks can be assigned to one
Vs 702 fin pand 46.9 Bv) 48.6 o) isomer by spectral hole burning (SHB). As discussed above
vy 75.10) 82.8 (to) 92.7 ) : . : ’
vy 82.0 (out of pland 91.0 ©) 105.3 () the SHB spectra (Figure 2) with the burn laser tuned to the
most intense transition did not yield any evidence for the
instance, the differenc&Dg between the most stablR{b) and presence of a second isomer, but the tewbound structures

the less stable H-bound isomer is now 1.07 kcal/mol (aug-cc- are so close in energy that similar electronic excitation energies
pVDZ set) and 1.34 kcal/mol (aug-cc-pVQZ set). Furthermore, To can be expected. Thein S— S origins might overlap and
the dissociation energies in the CBS limit with and without cannot be easily separated.
BSSE corrections lie within 0.06 kcal/mol (20 ck CBS The computed binding energp, = 2.63-2.67 kcal/mol
exponential fit) for theR1b isomer and 0.08 kcal/mol (28 crh (920-930 cnTl, CBS limit, BSSE corrected) for theR(Lb)
CBS polynomial fit) for the H-bound isomer, an indication of isomer is considerably larger than the corresponding one in
the quality of the extrapolation process (should be close to zerorelated systems: Typically ground-state binding energies around
since both uncorrected and BSSE-corrected binding energies500 cnt! are found in clusters of aromatic molecules with
should converge to the same value at the complete basis sehitrogen. For benzenefNvalues ofDe = 591 cni! andDg =
limit). Finally, the dissociation energies obtained with the aV5Z 520 cnr! were computett (MP2/6-31G*) and 323 cmi! was
basis are very close to the CBS limit, a fact that indicates that measured® for toluene/N, Do = 474 + 37 cnt!l was
convergence to the complete basis set limit has been practicallymeasuret? and Dy = 540 cnt computed by MP2. All these
achieved with the largest of the basis sets used in this study.are roughly half the binding energy calculated fe-NpOH/
The small difference between the aV5Z calculation with and Nz. The shorter Nring distances in the van der Waals isomers
without BSSE correction and the CBS extrapolation confirms of 1-NpOH/N, of 3.086 A R1b isomer) and 3.106 ARla
that the basis set is appropriate for computing dissociation jsomer) as compared to 3.48 A in the toluene cluster reflect the
energies in naphthol/nitrogen clusters. stronger interaction suggested by the calculations. Similar
Itis also of interest to compare the results of the present work binding energies around 500 cfrwere also found for gHsX/
with the aVTZ basis with the ones of our earlier RI-MP2/cc- N, clusterd® with X = F, CI, Br and for pyrimidine/M12 The
pVTZ computations. As evident from Table 4, the dissociation calculatedD, values in the CBS limit (exponential fit) of 448
energies for the H-bound isomer are very similar with and and 420 cm? (with and without BSSE correction, corresponding
without the additional diffuse functions. On the other hand, the to 1.28 and 1.20 kcal/mol) for the H-bound isomer, on the other
BSSE-corrected binding energies of thebound isomers are hand, are similar to the values of 430 'ch'(computed) and
underestimated by almost 1 kcal/mot-350 cnt?) when 445 cnr! (experimental) determined for the phenol clustey,
compared to the current CBS values. Thus augmenting the basi$ne reason for the comparably large binding energy-bound
set by suitable diffuse functions considerably improves the 1-naphthol/N might be attributed to the larger quadrupole
deSCfiption of the diSperSion forces relevant inbound moment of the condensed ring system, y|e|d|ng stronger
complexes. quadrupole/quadrupole interactions when compared to substi-
The computed harmonic frequencies for the intermolecular tuted benzenes.
vibrational modes of the three cluster isomers are given in Table Although the observation ofa-bound van der Waals isomer
5, together with approximate assignments. The sympalad is surprising in light of the results on pheno}Nt is not
o denote bending and stretching vibrationss the torsional \nyrecedented in systems offering alternative binding sites. As
motion of the N.parallel and perpendicular to t.he naphtholl plane gpown by rotationally resolved electronic spectrosctipin
in thez-bound isomer, angl are the deformation modes inthe 5 ijine/nitrogen clusters the,Ns van der Waals bound to the
H-bound isomer. The small frequencies for the bending motion ring with an N distance from the aromatic plane of 3.433 A.
of the Ny in the H-bound structure reflect the flat nature of the 1,4 N is oriented parallel to the axis containing the amino
potential along this coordinate. It is of course tempting to assign group, thus resembling the lowest enerBgb structure of
the experimentally observed bands to the calculated vibrations,l_NpOH/Nz_ Interestingly, a large increase in the barrier to

b_Ut the computed gr(_)undjstate freque_ncies cannot be comparegena) rotation upon excitation to; Svas found for aniline/
directly to those obtained in MPI experiments, because the Iatteerl Our initial RI-MP2 calculations yielded a barrier on the

correspond to motion in the; State. order of 50 cm! between the two isomers of 1-NpOH/Nf
) ) we assume a barrier increase similar in magnitude in the excited
Discussion state, no free rotation of the,Nigand about the ring can be

The computational results presented here have considerabléXpected to be visible in the MPI spectrum.
impact for the interpretation of the experimental spectra shown Relatively large binding energies were reported before for
in Figure 1. The two lowest energy-bound structures are  ethylaniline/N'® (Do = 630 cnml) andp-aminophenol/M The
calculated to have around twice the dissociation energy of the LIF and IR dip spectra of the latter were also interpreted on the
H-bound isomer, thék1lb isomer being more stable by 1.39 basis of van der Waals bound structété=or the most stable
kcal/mol (MP2/CBS-poly limit/BSSE-corrected). Therefore, the isomer aDe = 787 cn'! value was estimated at the MP2/cc-
m-bound isomers are expected to be preferentially formed in a pVDZ level. Thus relatively strong binding is found in clusters
free jet. The current calculations therefore support our earlier with the nitrogen ligand bound to the aromatic ring, but with
tentative assignment of the electronic transition of the 1-NpOH/ an additional polar substituent being present. 8ahat all!
N, cluster at 31 442 cri to az-bound isomer. However, the  suggested that an orientation parallel to the functional group
energy difference of the two lowest energybound isomers is indicates binding dominated by additional dipole/induced dipole
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interactions rather than quadrupole/quadrupole interactions onIy.l78g)5) Hobza, P.; Selzle, H. L.; Schlag, E. Whem. Re. 1994 94, 1767~
The additional dipole/induced dipole and dipole/quadrupole (6) Dopfer, 0.Z. Phys. Chem2005 219, 125-168.

interactions might also be responsible for the lower energy of  (7) krause, H.; Neusser, H.-J. Chem. Phys1993 99, 6278-6286.
theR1bisomer of 1-NpOH/N. Although these interactions are (8) Neusser, H.-J.; Krause, i€hem. Re. 1994 94, 1829-1843.

expected to be considerably smaller than the quadrupole/89 g%)og—%véezlli' R.; Menapace, J. A; Bernstein, EJRChem. Phys1988
quadrupole interactions dominating the multipole expansion, (10) Hu, Y.; Lu, W.: Yang, SJ. Chem. Phys1996 105 5305-5312.

they might very well account for the’50 cnt! difference in (11) Scliger, M.; Kwang, C.; Pratt, D. WJ. Phys. Chem. 8003 107,

binding energy between the two van der Waals structures.  10753-10758.
(12) Hu, Y.; Yang, SJ. Chem. Phys2003 119, 8321-8326.
i (13) Abe, H.; Ohyanagi, Y.; Ichijo, M.; Mikami, N.; Ito, MJ. Phys.
Summary and Conclusion .  Chem.1985 89, 35123591,
High-level MP2 calculations were employed to obtain (14) Haines, S. R.; Dessent, C. E. H.' u-Dethlefs, K.J. Chem. Phys.
minimum energy structures and accurate absolute and relativel998 111 1947-1954.

R . . (15) Fuijii, A.; Miyazaki, M.; Ebata, T.; Mikami, NJ. Chem. PhysL999
binding energies for the three energetically most stable low- 110, 11125-11128.

lying isomers of thetrans-1-naphthol/N cluster, in order to (16) Haines, S. R.; Dessent, C. E. H.""Mu-Dethlefs, K.J. Electron
assign the electronic;S— S transition in the MPI spectrum.  Spectrosc200Q 108 1-11.

Augmenting the basis set by additional polarization functions 27é123)2755°gmm' M.; Ratzer, C.; Meerts, W. ll. Chem. Phys2004 120

was found to be necessary for an adequate description of the = (18) schiger, M.; Pratt, D. W.J. Chem. Phy2001, 115 11147-11156.
dispersion forces that govern thebound isomers. In the lowest (19) Hineman, M. F.; Bernstein, E. R.; Kelley, D. . Chem. Phys.

energy structure the Nmolecule is bound to the-system of 19?30?8Mga1$_-2|?5;éaki M Inokuchi. Y.+ Nishi. N.: Eisaku. M.: Sakota
the naphthol ring carrying the OH group. Itis oriented close to  “opashi, k. ‘Sekiya, Hi. Phys. Chem. 2002 106, 4886-4890. '

the short axis, with an angle of 62.50 the a-axis of the (21) Zierhut, M.; Roth, W.; Dmmler, S.; Fischer, IChem. Phys2004
naphthol moiety. The distance of the Molecule from the ring 305 123-133.

; A ; (22) Halkier, A.; Koch, H.; Jgrgensen, P.; Christiansen, O.; Nielsen, I.
plane amounts to 3.09 A. With a large aug-cc-pV5Z basis set, M. B.- Helgaker. T Theor. Chem. Accl997 97, 150-157,

a dissociation energy dd, = 2.779 kcal/mol (972 cm) was (23) Tsuzuki, S.; Uchimaru, T.; Matsumura, K.; Mikami, M.; Tanabe,
computed for this structure comparedig = 1.392 kcal/mol K. J. Chem. Phys1999 110, 11906-11910.

(487 cnm?) for the H-bound structure. An extrapolation to the G 824():@%"'“%}]';"5-‘?1 9‘35‘715‘1%';“ 4%7‘1\’2"6’85”"' P.-O.; Lindh, R.; Karlsm
complete basis set limit, including correction of the basis set ™ 75y \aikier, A.: Klopper, W.; Helgaker, T.; Jargensen, P.; Taylor, P.

superposition error, yielded valuesf = 2.63 kcal/mol (920 R.J. Chem. Phys1999 111, 9157-9167.
cm™ 1) andDg = 2.63 kcal/mol (465 cmt) for the lowest energy (26) Xantheas, S. S.; Apra, B. Chem. Phys2004 120, 823-828.

7-bound and the H-bound isomers, respectively. The binding 12i2;)635F;r'2%ngakis' G.S.; Apra, E.; Xantheas, S1.&hem. Phy2004

energy is surprisingly large compared to other clusters wth N~ (28) Fanourgakis, G. S.; Apra, E.; de Jong, W. A.; Xantheas, S. S.
in particular phenol/N Chem. Phys2005 122, 134304/+134304/9.
(29) Ahlrichs, R.; Ba, M.; Haser, M.; Horn, H.; Kidmel, C.Chem. Phys.
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