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7-Hydroxyquinoline(NH3),, microsolvent clusters have been shown to exhibit excited-state proton transfer
(ESPT) in the gstate forn = 4 [Bach, A.; Leutwyler, SJ. Chem. Phys200Q 112 560.]. We present a
combined spectroscopic and ab initio theoretical investigation of the first member of this cluster series, the
hydrogen-bonded 7-hydroxyquinoliHs; (7-HQ-NH3) complex. Mass- and rotamer-resolvedS S, vibronic

spectra of supersonic jet-cooled 7-H{}H; were obtained by two-color resonant two-photon ionization and
dispersed fluorescence spectroscopy. Both the trans and cis rotamers are present in the jet, at a trans/cis ratio
of 1:40. The H-bond vibrations (stretch),5; andp: (in-plane wagging), and (NHs hindered internal rotation)

were observed in thep@nd S states. Ab initio calculations using HartreEock (SCF) and hybrid density
functional (B3LYP) methods for the,State and the configuration interaction singles (CIS) method for the

S state yieldCs symmetric equilibrium structures with nearly lineatr-8---NH3 H-bonds. Agreement between

the B3LYP/6-31#+G(2d,2p) calculated vibrational frequencies and experimentatede frequencies is

very good for both inter- and intramolecular modes. The ground-state effective internal rotation barrier of the
NH3 group about it<C3 axis was determined a&(S)) = 73 cntl. S, — S excitation leads to contraction of

the R(O-++N) distance by—0.062 A, accompanied by an increase of the H-bond dissociation energy by 2.62
kcal/mol and an increase of the Nliternal rotation barrier t&/3(S;) = 88 cmt. The H-bond contraction

is in agreement with the SCF and CIS ab initio calculations which prex®R{O---N) = —0.053 A. These
calculations predict large intramolecular geometric changes which are not directly along the proton-transfer
coordinate.

1. Introduction

~
AN
Among the conceptually simplest chemical reactions is the /©i; " /@ij
transfer of a proton from an acid-H to a base B. The <|D N o N/
H

investigation of intermolecular proton-transfer reactions in jet-

cooled collision-free microsolvent clusters-A-By, has allowed cis-7-Hydroxyquinoline
the study of this paradigmatic reaction in a “minimum solvent

environment” and at low temperatures. By electronic excita-

tion to low-lying electronic states, the acidity of hydroxyaro- =
matic molecules such as 1- or 2-naphthol can be strongly ’

[o] N

}

trans-7-Hydroxyquinoline

increased, giving If, decreases of-69 units?~11 Photoinitiated

acid—base reactions of the excited-state acids phenol, 1-naph-

thol, and 2-naphthol attached to microsolvent clusters of the

bases NH, methylamine, ethylamine, and piperidine have been 7-Ketoguinoline

studied?!-8.12-24 Figure 1. The cis- and trans-7-hydroxyquinoline rotamers and the
7-Hydroxyquinoline (7-HQ) is a bifunctional aromatic mol-  7-ketoquinoline tautomer.

ecule: in its enol form (see Figure 1), it acts as a proton donor

at the O-H group and as a proton acceptor at the N afofS. have been extensively investigated by both absorption and

As for 1- and 2-naphthol, electronic excitation to thesgate  fluorescence spectroscopy®by picosecond kinetic measure-

strongly modifies the acidbase properties of this molecule, ments?’~% and also in low-temperature matricés3* Most

rendering the hydroxyl group more acidic and the N atom more microscopic models proposed for solvent-assisted ESPT involve

basic?5-30 Excited-state K, values of 3.5 and-2.7 have been  a proton relayoperating between the €H group and the N

determined by the Feter cycle from the absorption and atom, mediated by several solvent molecules and coupled to

emission spectra, respectivélin protic solvents, adiabaticS ~ the formation of either the zwitterion or keto tautomers of

excited-state proton transfer (ESPT) can occur from theHO ~ 7-HQ2734

group of 7-HQ to the solvent and from the solvent to the  Lahmani et al. investigated 7-HM,0)./(D20), clusters

quinoline N, leading to the keto tautomeric form (see Figure using laser fluorescence excitation and emission spectroscopy

1). Depending on pH and solverdgroundstate protonation, in supersonic jet$ They reported spectra of thens andcis-

deprotonation, and tautomerization reactions of 7-HQ can also 7-HQ and 7-HQH,O rotamers, which differ in the orientation

occur. The different ground- and excited-state forms of 7-HQ of the O—H bond with respect to the hydroxyquinoline frame
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TABLE 1: Ab Initio Calculated Total Energies (in au), Interaction Energies AE;, BSSE Contributions, and Dissociation
Energies Dy (in kcal/mol) of the cis-7-Hydroxyquinoline-NH3 and 7-Ketoquinoline-NH3; Complexes, Using the SCF/6-31G(d,p)
and B3LYP/6-311++G(2d,2p) Methods

Cis-7-HQ NH3 7-KQ(O+++HsN) 7-KQ(N—H---NHj)
SCF B3LYP SCF SCF
6-31G(d,p) 6-31H+G(2d,2p) 6-31G(d,p) 6-31G(d,p)
—Etota (aU) 530.434 387 533.898 063 530.401 879 530.407 089
AEscr —9.23 —8.92 —5.77 —9.03
OEgss{7-HQY 0.19 0.13 0.91 0.14
OEpssg(NH3)* 0.89 0.24 0.63 0.83
AEgssgtotal) 1.08 0.37 1.54 0.97
AEcP —8.15 —8.55 —4.23 —8.06
D¢® —6.29 —6.78 —2.63 —6.42

2BSSE contribution of the subunitsAEcp = AEscr + AEgssetotal). ¢ Dg = AEcp + AZPE.

(see Figure 1), and of theis-7-HQ-(H»O)3 cluster. They did compare the properties of 7-hydroxyquinoliNél; to those of
notfind evidence for either solvent-assisted ESPT or tautomer- these naphtheNH; complexes.
ization reactions in the 7-H@H,0), clusters. Recently, mass-
and isomer-selected; S— S resonant two-photon ionization 2. Theoretical Methods and Results
and S — S fluorescence spectra were obtained in our laboratory . S
for the supersonically cooled 7-hydroxyquinolifiéHs), clusters 2.1. Computational Procedure Full geometry optimizations
with n = 2—1638637 The absorption and emission spectra of were performed for the Sstate at the SCF level using the
the clusters wittn = 13 exhibit discrete narrow-band vibronic  6-31G(d,p) and 6-31#+G(2d,2p) basis sets. The results
structure, characteristic of hydrogen-bond vibrations of neutral discussed below and previous experi¢fééshow that the
clusters. Fon > 4, the $ — S resonant two-photon ionization ~ 6-31G(d,p) basis set is an effective optimum for the treatment
(R2PI) spectra are partially or entirely broadened and strongly of H-bonding at the SCF level. It is desirable to employ a
shifted to the red, and the= 4—7 clusters show spectroscopic Method such as MP2, which includes the electron correlation
signatures of Sstate enot keto tautomerizatiof®3” For the energy. However, the MP2 method combined with even
n > 7 clusters, the absorption and fluorescence spectra cor-medium-sized basis sets leads to large basis set superposition
respond to those of the ground-state 7-HQ anion and the ground-errors (BSSEs); on the other hand, the calculation of MP2
state keto tautomer, which implies thgitound-stateproton- frequencies with large basis sets is prohibitive for a system of
transfer reactions take place in the clu$fefo analyze and  the size of 7-hydroxyquinolinéiHs;. We employed density
understand the spectra of the large clusters and the excited- andunctional (DFT) methods; the B3LYP hybrid density functional
ground-state proton-transfer processes, one first needs ton combination with the 6-31t+G(2d,2p) basis set has been
understand the narrow-band vibronic spectra of the smaller shown to give accurate results for H-bonded systems, exhibits
clusters. small BSSE!}* and allows harmonic frequencies to be efficiently
Here, we present a combined theoretical and laser spectro-calculated. For the ;Sexcited state, we employed the config-
scopic study of the 7-hydroxyquinoliféHs complex. Among ~ uration interaction singles (CIS) metH8avith the 6-31G(d,p)

the issues we address are the following: basis. The most stringent optimization criterialQ ¢ au for

(1) The existence and relative concentrations of the enol andthe g_radlent norm) were employed throughout. The_full coun-
keto tautomers and the trans/cis rotar#et&38:3%f 7-HQ-NH3 terpoise (CP) procedure was used to correct all interaction
in the supersonic jet. energiesAE, for BSSE?647

(2) The hydrogen-bonding topologies of these complexes. Normal mode calculations were carried out at the minimum-
Referring to Figure 1, we note that tleés-7-HQ rotamer can energy geometries. Thetramolecular SCF vibrational frequen-
form three different H-bonded complexes: with 7-HQ as a donor cies were scaled to account for the overestimate of vibrational
and NH; as an acceptor (7-HQ-EH-+-NH3), with NHz as a frequencies at the SCF level, using the factor 0.9028 previously
proton donor to the quinoline N atom (NH+N), or with NH; determined for phend® The intermolecular frequencies and
as a proton donor to the hydroxy O atom (MHO—H). The all DFT frequencies remained unscaled. The dissociation energy
trans-7-HQ rotamer can form three analogous complexes, and Do at each level of calculation was calculated by subtracting
7-ketoquinoline (7-KQ) can act either as a proton donor at the the scaled or unscaled harmonic vibrational zero-point energies
N—H group or as an acceptor at the=O group, potentially from the CP-correctedE values. All ab initio calculations were
yielding eight different H-bonded complexes. performed using the Gaussian 94 progré&m.

(3) The $- and S-state hydrogen-bond vibrations of these 2.2. Calculated Interaction and Dissociation EnergiesThe
species and their frequencies. How strongly do they couple to SCF/6-31G(d,p) and B3LYP/6-3%+-G(2d,2p) total energies,
the § < S vibronic transitions, and how does the H-bond interaction energiedE, dissociation energieBy, and BSSE
potential change as a function of electronic state? Which corrections are given in Table 1 for tles-7-HQ-NH3 rotamer
properties of the H-bonded 7-HRH3; complexes might be  and for both isomers of 7-ketoquinoliiHs, with 7-KQ acting
important with respect to the acidhase reaction between 7-HQ as a proton donor or a proton acceptor. The CP-corrected
and larger ammonia clusters? interaction energies for theis-7-HQ-NH3 were calculated to

7-HydroxyquinolineNH; is expected to be related to the beAEcp = —8.15,-6.50, and—8.55 kcal/mol at the SCF/6-
trans andcis-2-naphthoiNHsz andtrans-1-naphthoiNH; com- 31G(d,p), SCF/6-31t+G(2d,2p), and B3LYP/6-31t+G(2d,-
plexes, for which Pratt and co-worké&t4! have carefully  2p) levels, respectively.
determined the ground- and excited-state rotational constants, Forcis-7-HQ-NH3 at the SCF level, the BSSE decreases with
NH; internal rotation barriers, and H-bond geometries by laser increasing basis set size, from 1.08 kcal/mol (11.79B§cH
fluorescence excitation spectroscopy at rotational resolution. Wewith the 6-31G(d,p) basis set to 0.30 kcal/mol (4.4YA\&scy
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with the 6-311+G(2d,2p) basis set. However, as the BSSE
decreases at the SCF level, the interaction enéByp also
decreases. When correlation energy is included with the B3LYP

Coussan et al.

TABLE 2: Calculated Structural Parameters, Rotational
Constants, and Dipole Moments for the
cis-7-Hydroxyquinoline-NH3; Complex in the S-State
Equilibrium and Internal Rotation Transition Structure

density functional, both the CP-uncorrected and CP-corrected(Ts) and the S-State Equilibrium Structure

interaction energies increase By kcal/mol relative to the SCF/
6-311++G(2d,2p) calculation. The total BSSE remains small
(0.37 kcal/mol) at the B3LYP level, amounting to a 4%
correction onAEscr On the basis of the inclusion of electron
correlation combined with small BSSE, we consider the B3LYP
calculation to give the most accurate results of the three
calculations. The dissociation energies are 23% and 20%
smaller thanAEcp at the SCF/6-31G(d,p) and B3LYP/6-
311++G(2d,2p) levels, respectively. These substantial correc-
tions for vibrational zero-point energy are typical for hydrogen
bonds.

7-Ketoquinoline acting as a-NH proton donor forms a strong
H-bond to NH. The CP-corrected SCF/6-31G(d,p) interaction
energy isAEcp = —8.06 kcal/mol, only 0.1 kcal/mol lower than
that ofcis-7-HQ-NHs, and theDg of 7-KQ---NHj3 is even larger
than that oftis-7-HQ---NHs. However, 7-ketoquinoline is itself
less stable than the 7-hydroxyquinoline tautomer; tbial
energy of 7-KQNH3 lies 17.1 kcal/mol above that afis-7-
HQ-NHj3 (see Table 1). The 7-KQIH3 isomer with NH acting
as a proton donor to€0 is less strongly bound, and its total
energy is 20.4 kcal/mol above that@g-7-HQ-NHs. Thus, the
SCF calculations predict that both isomers of the 7-KQ tautomer
are energetically disfavored relative ¢es-7-HQ-NHs.

A low-lying transition structure (TS) along the Nkhternal
rotation coordinate was found, corresponding to a rotation of
60° about theCs axis of the NH figure axis (see also the
vibration below). Optimization to this saddle point was per-
formed using analytical derivatives at the SCF/6-31G(d,p) level.
Experimentally, we find that the population of theans7-
hydroxyquinolineNH; complex in the supersonic jet is very
low (see Section 3). The ab initio results obtained for this
rotamer will not be presented here; for details, contact the
authors.

The H-bond dissociation energi& of the closely related
trans-1-naphtholNHz andtrans-ds-1-naphtholND3; complexes
have been determined experimentallyys= —7.66 + 0.01
and—8.01+ 0.04 kcal/mol, respectivel§ These experimental

values can be compared to the SCF/6-31G(d,p) calculated value

of Do = —7.06 kcal/mol for 1-naphtheNHz and —7.47 kcal/
mol for 1-naphtholND3,*® which are 0.54-0.60 kcal/mol
smaller. If we assume that this difference between ab initio
calculation and experiment for the 1-naphtinil; complexes

is approximately transferable tis-7-HQ-NH3, we obtain from
the SCF/6-31G(d,p) value &f, = —6.07 kcal/mol a “corrected”
Dg of —6.6 to—6.7 kcal/mol. The B3LYP value ddy = —6.83
kcal/mol forcis-7-HQ-NHg is close to this corrected value. On
the other hand, the SCF/6-3t1G(2d,2p) value is onl\Dy =
—4.00 kcal/mol, which seems unrealistically low.

2.3. Calculated Ground-State and Excited-State Equilib-
rium and Transition Structures. The minimum-energy equi-
librium structures of all isomers and rotamers of 7-NBi;
and 7-KQNH3; were found to b&s symmetric in all calculations
(SCF, B3LYP, and CIS) for both they@and S states, with the
ammonia N and one of its H atoms lying in the molecular plane
of 7-HQ. The G-H---N H-bond is only very slightly nonlinear;
the anglegp(Ho—O---N) (for atom labels, see Figure 2) is
predicted to be between 3.9 and 5.dlepending on the level
of theory. Important structural parameters characterizing the
hydrogen-bond arrangement are compiled in Table 2. The
calculated gstate H-bond lengtR(O-++N) is 2.93 A at the SCF/

6-31G(d,
(d.p) 6-311-+G(2d,2p)
SCF CIS B3LYP
parametefs S TS S S
Distances (A)
R(O-+*N2) 2.932 2.935 2.879+0.053) 2.835
R(Ho***Ny) 1.978 1.984 1.923<0.055) 1.855
r(C,—0) 1.335 1.336 1.3160.019) 1.351
r(0O—Ho) 0.957 0.956 0.96140.003) 0.986
r(Na—Hz.1) 1.001 1.002 1.00240.001) 1.014
r(Na—Ha2) 1.007 1.001 1.006<0.001) 1.014
r(N1—Cp) 1.295 1.295 1.32940.034) 1.315
r(Co—Cs) 1.413 1.413 1.392€0.021) 1.411
r(Cs—Ca) 1.360 1.360 1.40240.042) 1.372
r(Cs—Ci0) 1.411 1.411 1.401<0.010) 1.409
r(C10—Cs) 1.422 1.422 1.414<0.008) 1.418
r(Cs—Cs) 1.353 1.353 1.3931(0.040) 1.366
r(Ce—Cy) 1.424 1.424 1.386<0.038) 1.420
r(C7—Ce) 1.363 1.363 1.436%0.073) 1.379
r(Cs—Co) 1.416 1.416 1.383+0.033) 1.412
r(Co—Njy) 1.356 1.356 1.346<0.010) 1.364
r(Co—Ci0) 1.408 1.408 1.456140.048) 1.429
Angles (deg)
@(Ho—0-++Ny) 39 51 47 5.2
0(C7—0O—Ho) 112.2 112.3 1135 111.7
0(Hz1—Ng+++0) 105.3 107.1 104.6 105.9
O(H2,2—N2---O) 1141 119.1 1146 114.4
O(H2,3—N2---O) 1141 107.1 1146 114.4
0(C7—0-+*N) 116.1 117.4 118.2 117.0
Dihedral Angles (deg)
7(Hg—0—Cs—Cy) 00 0.0 0.0 0.0
7(N++-Ho—0—Cy) 0.0 179.98 179.98 0.0
w(Ha1—N—2:-0-C;) 0.0  122.4 179.96 0.0
w(Ha2~Ny+O-C;) 621 00 625 62.2
w(Hz23-N2+-O—C7) —62.1 —122.3-62.6 —62.2
Rotational Constants (MHz)
A 1762.8 1775.0 1708.1(54.7) 1784.1
B 563.4 557.6 575.5%12.1) 559.4
427.9 425.3 431.44 3.5) 426.8
Dipole Moment (D)
|ul 1.88 1.87 3.32¢1.44)

2The SCF, B3LYP, and CIS methods were used with the 6-31G(d,p)

gnd/or 6-31%+G(2d,2p) basis set8.For atom numbering, see Figure

6-31G(d,p) level and 2.84 A with the B3LYP/6-3+%+G(2d,-

2p) method. The shorter H-bond predicted by the DFT method
agrees with the larger calculated H-bond interaction energy
AEcp; cf. Tables 1 and 2.

The NH; internal rotation transition structure (denoted TS in
Table 2) calculated at the SCF/6-31G(d,p) level is very slightly
nonplanar. The motion from the minimum-energy structure
toward the TS is mainly a rotation of the Nirolecule by 60
around the H-bond, combined with an in-plane wagging motion
of 1.2°; that is, the hb—O—N, angle changes from 3% 5.1°.

The calculated energy difference between the TS and the
minimum-energy structure is 25.8 cf This purely electronic
barrier height for internal rotation does not take into account
the changes of vibrational zero-point energy along the internal
rotation path. A one-dimensional (1D) quantum-mechanical
calculation of the torsional level structure is presented in Section
2.6.

The CIS calculation predicts that S- S electronic excitation
leads to considerable changes of intra- and intermolecular bond
lengths, analogous to those calculated dis7-HQ-(H20),.3°
The R(O-++N) distance decreases by 0.053 A. However, many
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Figure 2. The calculated B3LYP/6-31+G(2d,2p) structure ofis-
7-hydroxyquinolineNHs. The atom labels are employed for defining
the structural parameters in Table 2 and in the text. The calculated
bond length changes (in pm) occurring upon electronic<S S
excitation are given next to the bonds.

- cis—7-Hydroxyquinoline-(NH,)

intramolecular G-C and C-N bonds are predicted to expand/
contract by similar or even larger values, for example, the C
Cg bond by+0.073 A. Thus, although the-€H---N coordinate
changes, major geometrical changesrawealong the proton-
transfer coordinate. Also, the€H and the GO bond lengths,
which one expects to be directly involved in the proton-transfer
coordinate, are predicted to change very little,§.003 and
—0.019 A, respectively. A detailed list of calculateg-Sate
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Figure 3. Perspective plots of the H-bond normal-mode eigenvectors

geometry parameters and bond length changes is given in Tablef translational parentage @is-7-HQ-NH3, with the corresponding
2. The calculated bond length changes are also shown in FigureB3LYP/6-31H+G(2d,2p) harmonic frequencies.

2 next to the bonds.

2.4. Dipole Moments and Charge Distribution. It is
interesting to examine the calculated charge distributions of the
cis-7-HQ*NH3 complex in the $and S states. The calculated
dipole moment of the complex increases from 1.88 D in the S
state [SCF/6-31G(d,p)] to 3.32 D in the State [CIS/6-31G-
(d,p)]. This increase is in qualitative agreement with the
observed increases in H-bond well depth, intermolecular
vibrational frequencies, force constants, and torsional barriers
which are observed experimentally (see below). To obtain a
more detailed view of the charge flows uporS S excitation,
we calculated thalifferencesof the Mulliken chargesAqg;,
between the &state (SCF) and the, State (CIS) at each atom.
The largest change, by0.151e, occurs at atonC, (see Figure
2), which isfar remaed from the H-bonding site. The next
largest changes are, in order of decreasing magnitud€; at
(+0.064¢), C10(—0.058¢), C, (—0.055€), andC; (+0.035¢).

The H-bonded O and &fatoms show smaller changes+0.042
and-+0.009¢, respectively. Thus, the increase in H-bond well
depth and curvature is not reflected in a charge flow directly to
the hydrogen-bondee-O—H group, that is, a localized elec-
trostatic interaction. It seems to be due to a more favorable
medium-range interaction with the increased molecular dipole
moment of the quinoline frame, driven by the-s* transition.

2.5. Harmonic Intermolecular Vibrations. Six low-
frequency intermolecular modes occur in this-7-HQ-NH3
complex; the rocking modg;, the wagging mod¢;, and the
intermolecular stretch originate from the translational degrees
of freedom of the ammonia molecule (see Figure 3), ang@the
wag, thep, rock, and the low-frequency torsion modaround
the H-bond axis correlate with the three rotations of the free
NH3; molecule (see Figure 4). The wagging mogesand 3,
and theo stretch are in-plane symmetricY&ibrations, whereas
p1, p2, andt are & out-of-plane modes. The intermolecular

d)—(%)—”—iCEODQ-\-‘CEO-QC@-O

p," 280.1 cm™!

k=2

B," 352.2 cm™!
&303—063{@@4@ Xm0
7" 24.6 cm™!

Figure 4. Perspective representations of the hydrogen-bond normal-
mode eigenvectors of rotational parentageisf7-HQ-NHs, with the
B3LYP/6-311+G(2d,2p) harmonic frequencies.

vibrational eigenvectors afis-7-HQ-NH3 are shown in perspec-
tive views in Figures 3 and 4, together with the corresponding
harmonic frequencies calculated at the B3LYP/6-8%15(2d,-
2p) level of theory. The low-frequency intermolecular modes
are fairly well decoupled from the 7-HQ frame; for the low-
frequencyp; and p; modes, the motions of the 7-HQ frame
correspond to rigid-frame translation and/or rotation. However,
the p, rocking mode involves an intramolecular-® torsional
contribution on 7-HQ, and thg, wag mode involves an ©H
in-plane bend motion relative to the 7-HQ frame.

The calculated harmonic frequencies of the intermolecular
modes calculated at the three levels of theory mentioned above
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TABLE 3: Ab Initio Calculated Harmonic Frequencies of the cis-7-HQ-NH3; Complex Using the SCF and B3LYP Methods for
the § State and the CIS Method for the S State, with Either the 6-31G(d,p) and/or the 6-31%+G(2d,2p) Basis Sets

S state S, state
irreducible Scp SCp B3LYP CIS

label representation 6-31G(d,p) 6-311++G(2d,2p) 6-311++G(2d,2p) 6-31G(d,p)
T a’ 30.8 30.9 24.6 46.1
P1 a’ 41.4 375 35.5 33.8
o a 54.8 49.6 55.9 62.2
21 a’ 122.9 120.¢ 122.3 118.1
o a 165.4 142.4 173.8 177.5
V2 a’ 186.F 183.2 185.0 170.3
valp a’ 270.3 255.6 280.1 260.1
vdlf? a 300.7 279.5 289.9 218.4
p2lva® a’ 327.9 320.6 296.0 304.1
Polva@ a 364.3 354.4 352.2 376.0
Ve a’ 411.4 409.8 415.4 365.1
Va2 a 473.6 469.1 446.4 444.3
Vg a’ 474.4 472.% 478.2 452.5
volf2 a 531.2 526.1 495.9 507.7
V10 a 526.7 525.2 547.7 514.3
V11 a’ 546.4 537.9 550.1 573.8
V12 a 607.8 606.6 632.6 648.7
Vi3 a’ 665.4 655.4 661.2 684.1
Via a 713.8 710.4 741.4 755.3
Vis a’ 757.% 7217 770.9 758.6
V16 a 758.9 754.4 782.1 795.2
V17 a’ 776.7 761.9 784.6 804.4
Vig a’ 793.8 780.9 842.0 832.7
V19 a’ 844.8 836.7 857.0 892.3

aMixed inter/intramolecular vibrations; the preponderant vibrational motions are indicated. Note that the labeling followstdte Squence.
b Intramolecular frequencies scaled with 0.9028, intermolecular frequencies unscaled.

; ; ; TABLE 4: Calculated NH 3 Internal Rotation (Torsional)
are gathered in Table 3 and are compared with the experlmentall_eveIS in'the $ and S, States ofcis-7-Hydroxyguinoline -

values (see below). With the exception of thend p» modes, NHs, Using the 1D Potential and Parameters Given in the
the SCF/6-311++G(2d,2p) harmonic frequencies are consis- Text
tently lower than those predicted by the other two calculations. o /irreducible S S, nofireducible S s,
Thj; is ig Iinea’vri]th"_t'hg:gowedr én:]ergcuon enelrg)flt-lnc())t%g above.  |epresentation state state representation state state

s in 2-naphtholH,0*° and 6-hydroxyquinoling4,0,%° two ;
intramolecular out-of-plane”amodesy; and v, at 122.3 and zero-pgg\nt energy g%‘g g%'g 3§A gg'g gg'f’l
185.0 cnr? [B3LYP/6-311++G(2d,2p)] fall within the inter- lEl 0..18 0..10 AE 6.2.9 7'0.1
molecular frequency range. These two low-frequency modes 2E 327 373 5E 84.2 914
are observed as combination bands (see below) and can couple
with the low-frequency out-of-plan€’a; andp, modes ofcis- compare the results to their vibronic spectra. Separability was
7-HQ*NHs. The p, and 8, modes cannot be unequivocally also assumed in the treatment of the internal rotation of the
separated from the intramolecular modgs(a’) and v, (&), H,O moiety in the complexes pheridbO*25457 and 2-naphthel

respectively. These mixed intra/intermolecular vibrations are H,0.4°
IabeI(_ad in Tablt_a 3 with th_e predominant motion first; that is, For the 1D potential energy function along the Fourier
v3lpz is predominantlyvs with a notlceabllepz component. expansioff

2.6. The 7 Internal Rotation Potential and Torsional
States.The torsional m_ode (see Figure 4) has a low rec_iuced V. = V(1 — cos 3)/2 + Vg(1 — cos &)/2 + V(1 —
mass, because of the light H atoms, and a large associated rms*
vibrational amplitude. Combined with the low barrier for the cos ¥)/2 + ...
internal rotation of NH relative to the 7-HQ frame calculated )
above, the harmonic approximation is inappropriate. To calculateiS employed, where th&/, terms denote the-fold barrier
the torsional (internal rotation) level structure, we applied a one- contributions. Usually, one finds th@¥s| > [Vg| > |Ve|, and
dimensional (]_D) anharmonic approach' assuming approximatewe truncate the eXpanSion after the first term. The reduced
separability of the vibrational Hamiltonian in normal coordi- internal rotational constarf of cis-7-HQ-NHs was calculated
nates. We assume that the torsional coordina@—27) is a assuming rigid-body internal rotation of Nldround itsCs axis,
rigid-body rotation of NH around its figure axis in the in the calculated geometry of the complex, giviRg= 6.637
calculated minimum-energy structure of the complex, neglecting cm™*. The analogous values determined by Pratt and co-workers
precessional or nutational motions of the Ntgure axis around ~ WereF = 6.62 + 0.05 cnt* for trans-1-naphthoiNH;, F =
the O--N direction. More elaborate treatments of this problem 6.59= 0.05 cn1* for cis-2-naphthoiNHs, andF = 6.58+ 0.05
have been recently develop®2The assumption of separabil- ¢ * for trans-2-naphthoiNHz. 404
ity of the torsional mode is also implicit in the torsierotation The 1D internal rotation Schdinger equatio?f was solved
analysis of the spectra dfans and cis-2-naphtholNH3; and numerically, resulting in the eigenvalues given in Table 4. The
trans-1-naphthoiNH3.4%41 For the pheneNH3z complex, Schief-  torsional levels are labeled by the angular momentum quantum
ke et al®® calculated the 1D internal rotation levels, using a number | (appropriate for the low-barrier limit) and the
barrier calculated at the SCF 6-31G(d,p) level, but did not irreducible representation i@3,. The' and” labels used later
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3. Experimental Results

Energy (cm)
100 4 3.1. Experimental Setup.7-HQ-NH3; complexes were syn-
SE' thesized and cooled in a 20 Hz pulsed supersonic expansion of
%0 b NHas/neon (0.5%/99.5%) at 1-01.4 bar backing pressure; typical
pulse widths were 200s fwhm. 7-HQ (Kodak) was placed in
) N\ N\ 4E" a magnetically actuated pulsed nozzle (0.4 mm diameter) heated
s 7 7'y 34, to 193°C. Two-color resonant two-photon ionization (2C-R2PI)
! \ / \ / spectra were recorded by crossing the skimmed supersonic jet
40 1] | 34 at ~90° with unfocused 3 mm diameter) UV excitation and
* E ionization laser beams;S— S excitation was performed with
20 { |/gs a frequency-doubled DCM dye laser (5800uJ/pulse), pumped
by the second harmonic of a Nd:YAG laser. For the ionization
0 1 _ | | | 1E step, a second pulsed UV dye laser was used (Rhodamine 6G/
M 0A, MeOH mixture) with an intensity of~1.8 mJ/pulse, pumped
/ il L/ \ by a second Nd:YAG laser. lonization was performed closely
™ above the ionization potential (IP) at 285 nm (see below). Other
: E experimental details were described previoéfp.>°
' The photoionization yield curve otis-7-HQ-NH3z was
%0 SE" measured by fixing the excitation laser at the electronic origin
of the cis rotamer at 29 925 crhand scanning the ionization
4E" laser frequency across the steplike onset of ion signal. This onset
60 A ~ AN yields an approximate adiabatic IP of 64 485<¢nfor all 2C-
S, / \ / ! R2PI experiments, the ionization laser frequency was tuned just
40 4 | R above the IP of the cis isomer, at 36 364 ¢nDissociation of
B 2B the 7-HQNH3; to 7-HQ was found to be negligible<(%).
20 - Because the ion signal of thens7-HQ-NH3z was weak even
73 . at the electronic origin, no IP was determined for this rotamer.
0 - i || L (l)i \ For the dispersed fluorescence experiments, an excitation laser
/ 1 energy of 25Qud/pulse was used. The laser beam crossed the
—y jet beam about 4 mm downstream from the nozzle. The emitted
T T fluorescence radiation was collected using quartz optics, dis-
0 2n/3 4n/3 m persed with a SPEX 1704 1.0 m monochromator, and detected
Torsion Angle using a cooled Hamamatsu R928 side-on photomultiplier.

. . . . . . 3.2. Intermolecular Vibrations. An overview of the 2C-
Figure 5. S and S excited-state effective one-dimensional torsional > f . din Fi 6. The fi
potentials as a function of torsion anglewith barrier heights/s(So) R2PI spectrum of 7-HENH3 is presented in Figure 6. The first

andVs(Sy). The calculated §and § torsional levels are indicated, using ~ intense band observed in the spectrum at 29 925ciw
the reduced rotation constaft = 6.637 cnt!l. Optically allowed assigned as the electronic origina$-7-HQ-NHs. A weak band
transitions from the 0Aand 1E levels are indicated by arrows. Note  observed at 29 790 cm, 135 cnt? to the red, with only 2.5%
that the E levels are degenerate and that th¢XBsplitting of ~0.1 of the intensity of the cis rotamer, is tentatively assigned to the
cmtis not visible on this scale. electronic origi o
gin of therans-7-HQ-NH; rotamer. This is based

on analogous assignments foans andcis-2-naphtholH,08°
in the text refer to the Sand $ states, respectively. Thaffectie and fortrans- and cis-2-naphthoiNHs.*° Similar assignments
1D barrier heights in the ground state and electronically excited have been given for the glosely related completaas- and
state,V,(So) and V,(Sy), were fitted to experimental torsional 9'5'6:3812%)(3%(1”'”0“”9"205 andtrans- andcis-7-hydroxyquino-
transition frequencies (see the analysis below), assuming tha m‘el'h'z o tis al ted by the SCE/6-31G(d
F is identical in both states. This yield&(S;) = 884 1 cnr? IS assignment IS also supported by the i (dp)

i . . _ 1 calculated energy differences which predict that the trans rotamer
and a ground-state barrier heigh(S) = 73+ 1 cnm ™. These lies at higher energy than the cis, witkE(trans — cis) =

two torsional potenti.als gnd their calculated torsional levels up 1.88 kcal/mol. At the source temperature of 466 K, this translates
to | =5 are shown in Figure 5. into a trans/cis Boltzmann ratio of1:8. This is higher than
The calculated SCF/6-31G(d,p) torsional barrier of 25.8m  the observed ratio of 1:40 but is of the right order of magnitude.
is substantially lower than the effective 1Dy-&ate barrier ~ We note that this ratio is lower for the bare 7-HQ molecule,
derived from the spectroscopic analysis. There are severalfo’ Which, based on the calculatﬁde(gans— cis), the trans/
reasons for this: (1) The SCF 6-31G(d,p) method yieldg@n SIS fotamer ratio is 1:4 at = 470 K>* If the weak band at
--N) which is too long by nearly 0.1 A, judging from the 29790 cmt is the trans electronic origin, one may safely

d e assume that the associated vibronic band structure is even
B3_LYP/6_—3_1]:I—T|—G(2_d,2p) calcu_lat|on. (2)_The ab initio saddle- weaker and that all intense bands observed above 29 925 cm
point optimization yields a stationary point of the fulN3- 6

. ) are due to theis-7-HQ-NHj3 rotamer.
dimensional space. In contrast, the model employed above refers \yiin these assignments, the spectral red shifts of the

to a 1D rigid internal rotation, which constrains the torsional g|ectronic origins of 7-HQ upon complexation with Blemount

path and increases the effective barrier. (3) The geometrically tg Ay = —754.3 cnrt (2.16 kcal/mol) for the trans rotamer
calculated- is only an approximation to thie that would result and Av = —917.6 cnt! (2.62 kcal/mol) for the cis rotamer.
from integrating the full mass-weighted torsional path k-3 These values represent the increases of the H-bond dissociation

6 dimensiong§15? energy upon electronic excitatiofny = Do(So) — Do(Sy). Both
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Figure 6. (a) Two-color resonant two-photon ionization spectrum of
7-hydroxyquinolineNHs. The wavenumber scale is relative to the cis-
rotamer electronic origin at 29 925 cfn (b) The expanded spectrum
up to (3 +200 cnt?, showing the low-frequency bending, rocking,
and torsional transitions (see text).

TABLE 5: Properties of the Hydrogen-Bonded Complexes
of NH3 with trans-1-Naphthol, cis-2-Naphthol, trans-2-
Naphthol, and the cis-7-HQ-NH3; Complex in the § and §
States

Vi (cml) R(O--+N) (A)

labels Av(em?d) S S S S
trans-1-naphthoiNHz? —236.4 399 465 286 272
cis-2-naphtholNHz? —-586.3 41.1 53.8 2.87 271
trans-2-naphthoiNHz? —626.3 34.2 58.2 2.88 2.68
cis-7-hydroxyquinolineNH;  —917.5 73.0 88.0 2.8352.78Z

2Data from refs 40 and 42.B3LYP/6-311+G(2d,2p)R. value.
¢ ARJCIS/6-31G(d,p)— SCF/6-31G(d,p)H R«(B3LYP/6-31H+G-
(2d,2p)).

spectral shifts are larger than those @§-2-naphtholNH3
(—586.3 cnt?) andtrans-2-naphthoiNH; (—626.3 cnTl) and
much larger than that dfans-1-naphthoiNH3 (—236.4 cnT?);
see also Table 5254041

In the S — S 2C-R2PI spectra, low-frequency excitations
of cis-7-HQNH3 appear at g)+63, +68, +79, and+189

cmL, as indicated in Figure 6. They are assigned to intermo-

Coussan et al.

TABLE 6: Experimental Vibrational Frequencies (in cm~1)
and Assignments forcis-7-Hydroxyquinoline-NH3 in the S
and S, States, from Fluorescence and Two-Color R2PI
Spectra

S state S state
assignment freq intensity  assignment freq
01 331
T%E 31.2 0.7 TiE 38.3
zgﬁ 62.5
Tgﬁ 54.2 5.7 i 68.0
1 59.6 54 1‘1‘5 70.2
20} 71.4 1.4 2, 78.9
rgﬁ + 8, 128.9
2, 135.5
174.9
34 182.8
o 172.1 16.4 o 189.1
v+ vy 275.4 1.9 o+ Tg’; 250.8
vy 281.7 2.9 V4 303.1/304.7
o' + 267 294.9 1.4 o+ Tgﬁ +p, 3158
20" 334.3 0.9
5 347.1 34 2' orf, 374.9
vy 442.0 8.3 v 429.5
20' + 2p} 455.9
vy 491.2 144 v, 462.7
o'+, 516.2 2.0 o+, 490.7
1o 546.2 5.9 V1o 519.0
v+ o" 614.2 0.7 v+ 132 524.4
v, 628.0 4.8 Vio 587.2
v, + o 616.5
649.3 1.4 v+ 0 651.0
T 706.7 0.9 691.6
iz 783.0 16.4 Vig 730.6
826.0 0.9 vy, + vy 765.9

2 Intensity of electronic origin= 100.

in the § — S spectra of bare 7-HQ lie 280 cnt! above the
origin. A number of intramolecular excitations are also apparent
and are assigned by comparison todfe7-HQ R2PI spectrum.
The band frequencies relative t@ @re given in Table 6; the
assignments are discussed below.

The dispersed fluorescence emission spectrum obtained
following excitation at the electronic origin afis-7-HQ-NH3
is shown in Figure 7. In the low-frequency region of 800
cm L, bands at §+54, +60, +71, +172, and+282 cni? are
attributed to intermolecular vibrations. A number of intramo-
lecular vibrations are observed at higher frequencies (e.g., 282,
347, 442, 491, 546, 628, and 783 Tt Frequencies relative
to the (§ band together with the calculation results are given in
Table 6. The gfluorescence lifetime at the electronic origin
was measured to be 6431 ns. Using the integrated absorption
band strength in solution, we estimate the quantum yield of this
complex to be quite lowpy; = 0.10+ 0.03.

3.2.1. Stretching Vibrationdn both the $ — S 2C-R2PI

and § — S fluorescence spectra, we find that the electronic/
vibrational selection rules fo€s symmetry are followed; that
is, transitions occur only to'aundamentals, overtones, or
combination levels. This is in agreement with the ab initio
calculatedCs symmetric structures for both thg 8nd S states.
In analogy tocis- andtrans-2-naphthoiNHs,® cis- andtrans
2-naphtholH,0,*° and 6-HQH,0,>° we assign the most intense
intermolecular band at-189.1 cnt! in the R2PI spectrum to
the § intermolecular stretching fundamental The harmonic
frequency from the CIS calculation is = 177.5 cntl. The
20’ overtone is tentatively identified at 374.9 cin

In the fluorescence spectrum, the intense band at 1721 cm

lecular excitations, because the lowest intramolecular excitationsis assigned as the intermolecular stretching fundametitahis
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0.20 absorption and emission, the band intensities are enhanced by
110¢ Dispersed Fluorescence Fermi resonance of the torsional levels with the close-lyihg

] cis—7-Hydroxyquinoline-(NH,) andpy states, respectively.

. On the basis of the torsional barriers derived from the two
assignments above (see also Table 4), other torsional transitions
can be predicted and compared to experiment. Thus, tHe 1E

1 state is predicted to lie only 0.18 cfabove the OA ground

. state; hence, it is thermally populated even at the low vibrational/
7 rotational temperature of the supersonic jét=EE" torsional

1 transitions can arise in absorption, as indicated in Figure 5. The
splitting of the electronic origin due to the two torsional
subbands OA-— OA’ and 1E — 1E' is calculated to be only
0.08 cnm?, which is below our laser resolution 6f0.3 cnT?.

The 2E < 1E" transition is predicted at 37.1 crhy indeed, a
weak band is observed at 38.3 chin the R2PI spectrum. The
4E' — 1E' transition is predicted to lie at 69.1 ciy we assign

the shoulder on the high-frequency side of the 68 ER2PI

band at 70.2 cmt to this transition. The(3A;—0A!) torsional
transition also appears in combination wjth at 128.9 cm?

(see Table 6).

When exciting at the electronic origin with our laser
N B e B A ARERRnEss e bandwidth of 0.3 cm?, both the 0A — 0A7 and 1E — 1E"
0 200 400 600 torsional subbands are simultaneously excited. Hence, fluores-
Relative wavenumber / cm cence from the 1Elevel should give rise to weak torsional
Figure 7. Dispersed fluorescence spectruncist 7-hydroxyquinoline transitions in emission; the 1E> 2E" fluorescence transition

NHa, excited at the electronic origin at 29 925 cinwith a mono- calculated at 32.8 cm (see Table 4) is assigned to a weak
chromator band-pass of 3.6 clnThe wavenumber scale is relative to band observed at31 crrt

the @ band. The electronic origin is off the scale at 1.0 relative units. .
For f,, the B3LYP/6-31%+G(2d,2p) harmonic frequency

is the most intense transition up to 900 ¢mThe harmonia” of 352.2 cnt is in good agreement with a fluorescence band
frequency was calculated as 173.8 @nwith the B3LYP/6- observed at 347.1 cmh. The barecis-7-HQ molecule does not
311++G(2d,2p) method and as 165.8 chat the SCF/6-31G- exhibit any fluorescence bands in this region, which favors
(d,p) level (see Table 3). The former frequency especially is in assigning this transition to an intermolecular mode. An alterna-
excellent agreement, considering that anharmonicity should tive would be the @' overtone. In the R2PI spectrum, we assign
lower the harmonic frequency. The calculated intermolecular an intense band at374.9 cm?! (see Figure 6) as thg,
stretching frequency is substantially higher than that forcike vibration; again, assignment as the' Dvertone is possible.
7-HQ-H;0 complex. Thus, the higher binding and dissociation  Both the intermolecular rocking modes and p, are & in
energies are paralleled by a higher stretching force constant. ¢ They are symmetry-forbidden as fundamentals in the*S

3.2.2. Wagging, Rocking, and Torsional Vibratioisief1 g transitions but may occur as sequence or overtone bands.
(&) wagging mode is allowed as a fundamental in theSS  Thethird strong band in each group, at 78.9 ¢nfR2PI) and
electronic transitions. In both the R2PI and flliores_cence Spectra, 71 4 cnr? (fluorescence), is assigned to the,2or 2o}
a group of bands is observed in the-®D cnt* region. Inthe  qyertone, respectively. These overtones are enhanced by Fermi

dispersed fluorescence spec;trum, there are two equally intensgggonance with thg) and ] states, respectively. Analogods
bands at+54.2 andt59.6 cm, followed by aweakerband at -, 5 Fermi resonances also occur in the spectraisfand

+71.4 cm? (see Figure 7). The B3LYP/6-3¥H-G(2d,2p)
harmonic S} frequency is 55.6 cm. We assign thesecond
band, at+59.6 cnm?, to theSy fundamental, for reasons given
below.

In the R2PI spectrum, there is a group of bands-é2.5,

+68.0, +70.2, and+78.9 cn! (see Figure 6b). Again, we F : fively. A K
assign the second band of the group at 68.0%cas ;. The py frequencies are 35.5 and 33.8 cinrespectively. A wea

CIS harmonic frequency i§; = 62.2 cnT™. The overtone 2, R2PI ba_nd at 33.1 cmt may be_aSS|gned as thd transition.
is weakly observed at 135.5 cth A weak band at 182.8 cm 3.3. DISCUS{SIOI’]T.heo stretching and the Iow-frqueany

is tentatively assigned to the second harmorfi, 8nhanced ~ Wag frequencies dfis-7-HQ-NH; can be compared with those
by Fermi resonance with the intermolecular stretch. The Of Cis-2-naphthoiNHs in both the $ and § state$ (see Table
alternative assignment g} to the band at 62.5 cm is 7). In both electronic states, the frequenciegisf7-HQ-NH3
possible; however, we would then expect an overtone at or &€ 7~8% higher, implying stronger curvature of the-@--
slightly lower than 125 crmt, which is not observed. N hydrogen-bond stretching and wagging potentials.

The first band in each group is attributed to a torsional More information on the stretching potentials can be derived
(internal rotation) transition; in absorption, this is within a pseudodiatomic mod&i-%* The intermolecular stretch-
(3A7—0AY), calculated at 61.6 cnt and observed at 62.5 ing coordinate is assumed to be a 1D motion, and the 7-HQ
cm L. Note that experimentally there is no overtone at twice and NH; subunits are taken as pseudoatoms of mass 17.03 and
the 62.5 cm? excitation, as would be expected for the torsional 145.19 amu, giving a reduced mags= 15.242 amu. We
vibration. In fluorescence, the analogot(®A;—3A)) is cal- assumed Morse potential functions for both electronic states.
culated at 53.2 cm and observed at 54.2 cth In both For §, we employ the B3LYP well deptb(So) = 2990.6 cn1t

1721
491.2

Fluorescence signal
©
5
|
54.2
59.6
281.7
3471
442.0
516.2
546.2
628.0

294.9

=3

8

L

O
71.4

£

trans-6-HQ-H,0 50 The large-amplitude motions associated with
these & rocking vibrations give rise to a dipole moment
modulation, rendering them weakly allowed, with selection rules
similar to Herzberg Teller bands. Hence, weak &undamentals
may be observed in the spectra. The calculated®d S-state
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TABLE 7: Comparison of Selected Intermolecular
Vibrational Frequencies (cm?1) for the Hydrogen-Bonded
Complexes of NH with trans-1-Naphthol, cis-2-Naphthol,
trans-2-Naphthol, and the cis-7-HQ-NH3; Complex in the §
and S, States

labels

ﬁl ka

cis-2-naphthoiNH;.2 S 53.2 160.9 23.2
cis-2-naphthoiNHs,2 S, 56.9 175.6 27.6
cis-7-hydroxyquinolineNHs, S 59.6 172.1 28.25 177.37 2.630
cis-7-hydroxyquinolineNHs, S, 68.0 189.1 33.77 193.91 2.400

aData from ref 5.

o We WeXe

(8.550 kcal/mol) (see Table 1). For a Morse function, the
fundamental frequency is given lay — 2weXe. Combining this
with 0" = 172.1 cm® and the relationvexe = w2/4De yields
the harmonic frequenay«(So) = 177.4 cnt, the anharmonicity
constantwexe(So) = 2.630 cntl, the Morse potential stiffness
parameten(Sy) = 1.5419 A2, and the 1D dissociation energy
Do(So) = 2902.6 cml. The S-state Morse potential was
obtained using the experimental spectral red shift= Do(Sp)

— Do(S1) = —917.5 cnt?, giving Do(S;) = 3820.1 cnl. Using

the experimental anharmonic fundamental stretching frequency
o = 189.1 cml, the well depth is determined &3(Sy) =
3916.4 cntl, giving we(S1) = 193.9 cntl, weX(S;) = 2.400
cm L, anda(Sy) = 1.4732 AL These Morse potential param-
eters are gathered in Table 7.

From thewe values, the harmonicsSand S-state stretching
force constants are calculated tokye= 28.25 andk, = 33.77
N/m, respectively. These force constants are 22% larger than
the k) = 23.2 andk) = 27.6 N/m of thecis-2-naphthoiNHz
complex (see Table 7). For most H-bonded gas-phase dimers

the pseudodiatomic stretching force constants are considerably

smaller, in the range between 10 and 20 Nn¥* Using the
same pseudodiatomic approximation, the H-bond stretching
force constant for pyrimidine-H—OH was recently determined
to be 13.8 N/nf°

The relative displacement of the;-Sand S-state Morse
potentials along the intermolecular stretching coordinate was
calculated, using the observed ratio of Fran€london factors
for the o2 and origin bands in fluorescendéy?)/1(0%) = 0.164
(see Table 6). (Theé transition in the 2C-R2PI spectrum is

Coussan et al.

NH3 determined hereys(S) = 73 andVs(S;) = 88 cntl, are

up to twice as high. They were determined directly from the
torsional transition frequencies in the vibronic spectra (four
torsional transitions in absorption and two frequencies in
emission). The higher barriers fiothelectronic states of 7-HQ
NHs imply stronger intermolecular interactions, presumably due
to repulsive interactions of the atoms fand H 3 of NHz with

the Hy atom of 7-hydroxyquinoline. This is in line with the
higher 51 wag ando stretching frequencies and the larger
spectral red shift of 7-HENHs;, compared to the naphthol
complexes. Thencreasein the effective 1D torsional barrier
by 15 cnt! upon excitation to the Sstate can be understood
in terms of the decrease B{O-:*N) by —0.06 A (see above),
which brings these two ammonia H atoms into closer contact
with the Hs atom.

One might argue that the effectiwg barriers determined
for the 1- and 2-naphthdliH; complexes in refs 40 and 41
differ from those determined for 7-H@H;3; because of the
different type of data and different analysis (torsiontation
vs torsion). However, for all three complexes, the analysis is
based on a model 1D hindered internal rotatmsatz neglect-
ing couplings to the other inter- and intramolecular modes
(stretching, wag, rocking, and-NH symmetric stretch). OuF
constant for internal rotation was based on the ab initio geometry
for the § state and was retained for the Sate, and it is very
close to theF values oftrans-1-naphtholNHj3, cis-2-naphthol
NHs, and trans2-naphthoiNH3. Also, any alternative band
assignments to torsional transitions @é-7-HQ-NH3; would
increasethe torsional barriers beyond the values derived above.
Thus, we believe that the differences of torsional barriers
between the 7-HENH3 and the 1- and 2-naphthdlHs com-
plexes are significant.

4. Conclusions

S; < S vibronic spectra of the 7-hydroxyquinoliréHs
complex were measured using 2C-R2PI and fluorescence
emission spectroscopy. These allow the characterization of a
number of H-bond stretching, wagging, and torsional vibrational
excitations in the §and § states, which are relevant to the
discussion of the (incipient) proton-transfer coordinate of this

saturated and cannot be employed.) The anharmonic stretchingand the larger 7-hydroxyquinolin@Hs), clusters’®37

wave functions were calculated by numerical solution of the
1D vibrational Schidinger equation with the Morse potentials
and reduced mass determined above, followed by numerical
quadrature to give the FranelCondon factors for theSOand

oﬁ transitions. This yielded a displacement of the potential
minima along the stretching coordinate-50.063 A. Structure
determinations on the 1- and 2-naphtiNil; complexes
indicatedcontractionsof the H-bond upon electronic excitation
by 0.16-0.2 A%41(see also Table 5). The CIS calculation of
cis-7-HQ-NHjs also indicates a bond contraction, albeit by only
—0.053 A (see Table 2). Hence, we assume contraction of the
H-bond upon electronic excitation (i.e50.063 A). This
experimental value obtained within the pseudodiatomic model
using Morse potentials is very close to the ab initio calculated
value.

Pratt and co-workers determined th& barriers of the
analogousrans-1-naphthoiNHs, cis-2-naphtholNHs, andtrans
2-naphtholNH3; complexes from a detailed rotational analysis
of the OA — OA" and 1E < 1E’ subbands of the S— &
electronic origin, using an effective torsiorabtation Hamil-
tonian?%41The V; values they derived were in the range of34
41 cnt! for the S state and 4658 cnt! for the S state; see
Table 5 and refs 40 and 41. The torsional barriersig7-HQ-

All bands of the R2PI and fluorescence spectra can be traced
to the enol tautomer; there is no spectroscopic sign of the keto
tautomer in the supersonic jet. Both trans and cis rotamers of
the enol are observed. The trans/cis ratio in the supersonic jet
is 1:40; that is, the trans rotamer is energetically disfavored
relative to the cis rotamer, even more so than for bare
7-hydroxyquinoline, for which the trans/cis rotamer ratio is about
1:5_35,61

The H-bond topology corresponds to the-B---NH3 and
not to the NH---N or NHz---O H-bond configurations. Ab initio
structure optimizations using SCF/6-31G(d,p), CIS/6-31G(d,p),
and the B3LYP/6-3111G(2d,2p) hybrid density functional
methods all yieldedCs-symmetric g and S-state minimum-
energy structures, with a nearly linear H-bond for both the cis
and the trans rotamers, similar to the 1- and 2-napHthdf*0-4%
and the 6- and 7-hydroxyquinolifg,O complexes’ 39 At the
B3LYP level, the hydrogen bond lengR{O---N) is predicted
to be 2.835 A, close to thER[{O-+-N) values of 2.86-2.88 A
determined for the 1- and 2-naphtHéH; complexes by Pratt
et al#

Normal-mode analyses were carried out with a main focus
on the six intermolecular modes, characterized as'thetzond
stretchg, the & H-bond torsionr, two d wags/; andf», and
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two d' rocksp; andp,. The B3LYP harmonic frequencies are

in very good agreement with experiment for both inter- and
intramolecular vibrations. The scaled SCF frequencies are

slightly inferior.
The $-state H-bond stretching frequenay = 172 cntlis
already relatively high and increases by about 10% to 189'cm

in the S state. The harmonic stretching force constant, derived

in the framework of a pseudodiatomic model,l$ = 28.3
N/m, increasing tdk, = 33.8 N/m in the % state. In parallel,

the H-bond dissociation energy increases by 2.62 kcal/mol upon

S, — S excitation, corresponding t6-40% of the B3LYP
calculated ground-state dissociation endbg§S,) = 6.78 kcal/
mol.

The H-bond stretching vibration FranelCondon factors
imply that theR(O---N) distance changes h0.063 A during
the § < S transition. The CIS (Sstate) calculation predicts
a contraction of th&(O-+-N) distance by-0.053 A relative to

the SCF (gstate) calculation, in good agreement with the ggg

experiment. The picture that emerges is that’SS, excitation

deepens the H-bond well substantially, thereby increasing its
curvatures and force constants. The H-bond length shortens, but
notby a large amount. The observed/calculated contractions of

0.06/0.05 A are 34 times smaller than the 0.2 A contractions
proposed for the analogous 1- and 2-naphtibs com-

plexes?®41in the latter studies, the observed differences between
the - and S-state rotational constants were modeled in a way
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