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7-Hydroxyquinoline‚(NH3)n microsolvent clusters have been shown to exhibit excited-state proton transfer
(ESPT) in the S1 state forn g 4 [Bach, A.; Leutwyler, S.J. Chem. Phys. 2000, 112, 560.]. We present a
combined spectroscopic and ab initio theoretical investigation of the first member of this cluster series, the
hydrogen-bonded 7-hydroxyquinoline‚NH3 (7-HQ‚NH3) complex. Mass- and rotamer-resolved S1 T S0 vibronic
spectra of supersonic jet-cooled 7-HQ‚NH3 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 vibrationsσ (stretch),â1 andâ2 (in-plane wagging), andτ (NH3 hindered internal rotation)
were observed in the S0 and S1 states. Ab initio calculations using Hartree-Fock (SCF) and hybrid density
functional (B3LYP) methods for the S0 state and the configuration interaction singles (CIS) method for the
S1 state yieldCs symmetric equilibrium structures with nearly linear O-H‚‚‚NH3 H-bonds. Agreement between
the B3LYP/6-311++G(2d,2p) calculated vibrational frequencies and experimental S0-state frequencies is
very good for both inter- and intramolecular modes. The ground-state effective internal rotation barrier of the
NH3 group about itsC3 axis was determined asV3(S0) ) 73 cm-1. S1 r S0 excitation leads to contraction of
theR(O‚‚‚N) distance by-0.062 Å, accompanied by an increase of the H-bond dissociation energy by 2.62
kcal/mol and an increase of the NH3 internal rotation barrier toV3(S1) ) 88 cm-1. The H-bond contraction
is in agreement with the SCF and CIS ab initio calculations which predict∆R(O‚‚‚N) ) -0.053 Å. These
calculations predict large intramolecular geometric changes which are not directly along the proton-transfer
coordinate.

1. Introduction

Among the conceptually simplest chemical reactions is the
transfer of a proton from an acid A-H to a base B. The
investigation of intermolecular proton-transfer reactions in jet-
cooled collision-free microsolvent clusters A-H‚Bn has allowed
the study of this paradigmatic reaction in a “minimum solvent
environment” and at low temperatures.1-8 By electronic excita-
tion to low-lying electronic states, the acidity of hydroxyaro-
matic molecules such as 1- or 2-naphthol can be strongly
increased, giving pKa decreases of 6-9 units.9-11 Photoinitiated
acid-base reactions of the excited-state acids phenol, 1-naph-
thol, and 2-naphthol attached to microsolvent clusters of the
bases NH3, methylamine, ethylamine, and piperidine have been
studied.1-8,12-24

7-Hydroxyquinoline (7-HQ) is a bifunctional aromatic mol-
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 atom.25,26

As for 1- and 2-naphthol, electronic excitation to the S1 state
strongly modifies the acid-base properties of this molecule,
rendering the hydroxyl group more acidic and the N atom more
basic.25-30 Excited-state pKa values of 3.5 and-2.7 have been
determined by the Fo¨rster cycle from the absorption and
emission spectra, respectively.25 In protic solvents, adiabatic S1

excited-state proton transfer (ESPT) can occur from the O-H
group of 7-HQ to the solvent and from the solvent to the
quinoline N, leading to the keto tautomeric form (see Figure
1). Depending on pH and solvent,ground-state protonation,
deprotonation, and tautomerization reactions of 7-HQ can also
occur. The different ground- and excited-state forms of 7-HQ

have been extensively investigated by both absorption and
fluorescence spectroscopy,25,26by picosecond kinetic measure-
ments,27-30 and also in low-temperature matrices.31-34 Most
microscopic models proposed for solvent-assisted ESPT involve
a proton relayoperating between the O-H group and the N
atom, mediated by several solvent molecules and coupled to
the formation of either the zwitterion or keto tautomers of
7-HQ.27-34

Lahmani et al. investigated 7-HQ‚(H2O)n/(D2O)n clusters
using laser fluorescence excitation and emission spectroscopy
in supersonic jets.35 They reported spectra of thetrans- andcis-
7-HQ and 7-HQ‚H2O rotamers, which differ in the orientation
of the O-H bond with respect to the hydroxyquinoline frame

Figure 1. The cis- and trans-7-hydroxyquinoline rotamers and the
7-ketoquinoline tautomer.
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(see Figure 1), and of thecis-7-HQ‚(H2O)3 cluster. They did
not find evidence for either solvent-assisted ESPT or tautomer-
ization reactions in the 7-HQ‚(H2O)n clusters. Recently, mass-
and isomer-selected S1 r S0 resonant two-photon ionization
and S1 f S0 fluorescence spectra were obtained in our laboratory
for the supersonically cooled 7-hydroxyquinoline‚(NH3)n clusters
with n ) 2-16.36,37 The absorption and emission spectra of
the clusters withn ) 1-3 exhibit discrete narrow-band vibronic
structure, characteristic of hydrogen-bond vibrations of neutral
clusters. Forn g 4, the S1 r S0 resonant two-photon ionization
(R2PI) spectra are partially or entirely broadened and strongly
shifted to the red, and then ) 4-7 clusters show spectroscopic
signatures of S1-state enolf keto tautomerization.36,37For the
n g 7 clusters, the absorption and fluorescence spectra cor-
respond to those of the ground-state 7-HQ anion and the ground-
state keto tautomer, which implies thatground-stateproton-
transfer reactions take place in the cluster.37 To analyze and
understand the spectra of the large clusters and the excited- and
ground-state proton-transfer processes, one first needs to
understand the narrow-band vibronic spectra of the smaller
clusters.

Here, we present a combined theoretical and laser spectro-
scopic study of the 7-hydroxyquinoline‚NH3 complex. Among
the issues we address are the following:

(1) The existence and relative concentrations of the enol and
keto tautomers and the trans/cis rotamers35,36,38,39of 7-HQ‚NH3

in the supersonic jet.
(2) The hydrogen-bonding topologies of these complexes.

Referring to Figure 1, we note that thecis-7-HQ rotamer can
form three different H-bonded complexes: with 7-HQ as a donor
and NH3 as an acceptor (7-HQ-O-H‚‚‚NH3), with NH3 as a
proton donor to the quinoline N atom (NH3‚‚‚N), or with NH3

as a proton donor to the hydroxy O atom (NH3‚‚‚O-H). The
trans-7-HQ rotamer can form three analogous complexes, and
7-ketoquinoline (7-KQ) can act either as a proton donor at the
N-H group or as an acceptor at the CdO group, potentially
yielding eight different H-bonded complexes.

(3) The S0- and S1-state hydrogen-bond vibrations of these
species and their frequencies. How strongly do they couple to
the S1 T S0 vibronic transitions, and how does the H-bond
potential change as a function of electronic state? Which
properties of the H-bonded 7-HQ‚NH3 complexes might be
important with respect to the acid-base reaction between 7-HQ
and larger ammonia clusters?

7-Hydroxyquinoline‚NH3 is expected to be related to the
trans- andcis-2-naphthol‚NH3 andtrans-1-naphthol‚NH3 com-
plexes, for which Pratt and co-workers40,41 have carefully
determined the ground- and excited-state rotational constants,
NH3 internal rotation barriers, and H-bond geometries by laser
fluorescence excitation spectroscopy at rotational resolution. We

compare the properties of 7-hydroxyquinoline‚NH3 to those of
these naphthol‚NH3 complexes.

2. Theoretical Methods and Results

2.1. Computational Procedure.Full geometry optimizations
were performed for the S0 state at the SCF level using the
6-31G(d,p) and 6-311++G(2d,2p) basis sets. The results
discussed below and previous experience42,43 show that the
6-31G(d,p) basis set is an effective optimum for the treatment
of H-bonding at the SCF level. It is desirable to employ a
method such as MP2, which includes the electron correlation
energy. However, the MP2 method combined with even
medium-sized basis sets leads to large basis set superposition
errors (BSSEs); on the other hand, the calculation of MP2
frequencies with large basis sets is prohibitive for a system of
the size of 7-hydroxyquinoline‚NH3. We employed density
functional (DFT) methods; the B3LYP hybrid density functional
in combination with the 6-311++G(2d,2p) basis set has been
shown to give accurate results for H-bonded systems, exhibits
small BSSE,44 and allows harmonic frequencies to be efficiently
calculated. For the S1 excited state, we employed the config-
uration interaction singles (CIS) method45 with the 6-31G(d,p)
basis. The most stringent optimization criteria (<10-6 au for
the gradient norm) were employed throughout. The full coun-
terpoise (CP) procedure was used to correct all interaction
energies,∆E, for BSSE.46,47

Normal mode calculations were carried out at the minimum-
energy geometries. Theintramolecular SCF vibrational frequen-
cies were scaled to account for the overestimate of vibrational
frequencies at the SCF level, using the factor 0.9028 previously
determined for phenol.42 The intermolecular frequencies and
all DFT frequencies remained unscaled. The dissociation energy
D0 at each level of calculation was calculated by subtracting
the scaled or unscaled harmonic vibrational zero-point energies
from the CP-corrected∆E values. All ab initio calculations were
performed using the Gaussian 94 program.45

2.2. Calculated Interaction and Dissociation Energies.The
SCF/6-31G(d,p) and B3LYP/6-311++G(2d,2p) total energies,
interaction energies∆E, dissociation energiesD0, and BSSE
corrections are given in Table 1 for thecis-7-HQ‚NH3 rotamer
and for both isomers of 7-ketoquinoline‚NH3, with 7-KQ acting
as a proton donor or a proton acceptor. The CP-corrected
interaction energies for thecis-7-HQ‚NH3 were calculated to
be ∆ECP ) -8.15,-6.50, and-8.55 kcal/mol at the SCF/6-
31G(d,p), SCF/6-311++G(2d,2p), and B3LYP/6-311++G(2d,-
2p) levels, respectively.

Forcis-7-HQ‚NH3 at the SCF level, the BSSE decreases with
increasing basis set size, from 1.08 kcal/mol (11.7% of∆ESCF)
with the 6-31G(d,p) basis set to 0.30 kcal/mol (4.4% of∆ESCF)

TABLE 1: Ab Initio Calculated Total Energies (in au), Interaction Energies ∆Ei, BSSE Contributions, and Dissociation
EnergiesD0 (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

SCF
6-31G(d,p)

B3LYP
6-311++G(2d,2p)

7-KQ(O‚‚‚H3N)
SCF

6-31G(d,p)

7-KQ(N-H‚‚‚NH3)
SCF

6-31G(d,p)

-Etotal (au) 530.434 387 533.898 063 530.401 879 530.407 089
∆ESCF -9.23 -8.92 -5.77 -9.03
δEBSSE(7-HQ)a 0.19 0.13 0.91 0.14
δEBSSE(NH3)a 0.89 0.24 0.63 0.83
∆EBSSE(total) 1.08 0.37 1.54 0.97
∆ECP

b -8.15 -8.55 -4.23 -8.06
D0

c -6.29 -6.78 -2.63 -6.42

a BSSE contribution of the subunits.b ∆ECP ) ∆ESCF + ∆EBSSE(total). c D0 ) ∆ECP + ∆ZPE.
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with the 6-311++G(2d,2p) basis set. However, as the BSSE
decreases at the SCF level, the interaction energy∆ECP also
decreases. When correlation energy is included with the B3LYP
density functional, both the CP-uncorrected and CP-corrected
interaction energies increase by∼2 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 on∆ESCF. 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 energiesD0 are 23% and 20%
smaller than∆ECP 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 N-H proton donor forms a strong
H-bond to NH3. The CP-corrected SCF/6-31G(d,p) interaction
energy is∆ECP ) -8.06 kcal/mol, only 0.1 kcal/mol lower than
that ofcis-7-HQ‚NH3, and theD0 of 7-KQ‚‚‚NH3 is even larger
than that ofcis-7-HQ‚‚‚NH3. However, 7-ketoquinoline is itself
less stable than the 7-hydroxyquinoline tautomer; thetotal
energy of 7-KQ‚NH3 lies 17.1 kcal/mol above that ofcis-7-
HQ‚NH3 (see Table 1). The 7-KQ‚NH3 isomer with NH3 acting
as a proton donor to CdO is less strongly bound, and its total
energy is 20.4 kcal/mol above that ofcis-7-HQ‚NH3. Thus, the
SCF calculations predict that both isomers of the 7-KQ tautomer
are energetically disfavored relative tocis-7-HQ‚NH3.

A low-lying transition structure (TS) along the NH3 internal
rotation coordinateτ was found, corresponding to a rotation of
60° about theC3 axis of the NH3 figure axis (see also theτ
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 thetrans-7-
hydroxyquinoline‚NH3 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 energiesD0 of the closely related
trans-1-naphthol‚NH3 andtrans-d3-1-naphthol‚ND3 complexes
have been determined experimentally asD0 ) -7.66 ( 0.01
and-8.01( 0.04 kcal/mol, respectively.48 These experimental
values can be compared to the SCF/6-31G(d,p) calculated values
of D0 ) -7.06 kcal/mol for 1-naphthol‚NH3 and-7.47 kcal/
mol for 1-naphthol‚ND3,48 which are 0.54-0.60 kcal/mol
smaller. If we assume that this difference between ab initio
calculation and experiment for the 1-naphthol‚NH3 complexes
is approximately transferable tocis-7-HQ‚NH3, we obtain from
the SCF/6-31G(d,p) value ofD0 ) -6.07 kcal/mol a “corrected”
D0 of -6.6 to-6.7 kcal/mol. The B3LYP value ofD0 ) -6.83
kcal/mol forcis-7-HQ‚NH3 is close to this corrected value. On
the other hand, the SCF/6-311++G(2d,2p) value is onlyD0 )
-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-HQ‚NH3

and 7-KQ‚NH3 were found to beCs symmetric in all calculations
(SCF, B3LYP, and CIS) for both the S0 and S1 states, with the
ammonia N and one of its H atoms lying in the molecular plane
of 7-HQ. The O-H‚‚‚N H-bond is only very slightly nonlinear;
the angleæ(HO-O‚‚‚N) (for atom labels, see Figure 2) is
predicted to be between 3.9 and 5.1°, depending on the level
of theory. Important structural parameters characterizing the
hydrogen-bond arrangement are compiled in Table 2. The
calculated S0-state H-bond lengthR(O‚‚‚N) is 2.93 Å at the SCF/

6-31G(d,p) level and 2.84 Å with the B3LYP/6-311++G(2d,-
2p) method. The shorter H-bond predicted by the DFT method
agrees with the larger calculated H-bond interaction energy
∆ECP; cf. Tables 1 and 2.

The NH3 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 NH3 molecule by 60°
around the H-bond, combined with an in-plane wagging motion
of 1.2°; that is, the HO-O-N2 angle changes from 3.9° to 5.1°.
The calculated energy difference between the TS and the
minimum-energy structure is 25.8 cm-1. 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 S1 r S0 electronic excitation
leads to considerable changes of intra- and intermolecular bond
lengths, analogous to those calculated forcis-7-HQ‚(H2O)2.39

The R(O‚‚‚N) distance decreases by 0.053 Å. However, many

TABLE 2: Calculated Structural Parameters, Rotational
Constants, and Dipole Moments for the
cis-7-Hydroxyquinoline‚NH3 Complex in the S0-State
Equilibrium and Internal Rotation Transition Structure
(TS), and the S1-State Equilibrium Structure a

6-31G(d,p)

SCF CIS
6-311++G(2d,2p)

B3LYP

parametersb S0 TS S1 S0

Distances (Å)
R(O‚‚‚N2) 2.932 2.935 2.879 (-0.053) 2.835
R(HO‚‚‚N2) 1.978 1.984 1.923 (-0.055) 1.855
r(C7-O) 1.335 1.336 1.316 (-0.019) 1.351
r(O-HO) 0.957 0.956 0.961 (+0.003) 0.986
r(N2-H2,1) 1.001 1.002 1.002 (+0.001) 1.014
r(N2-H2,2) 1.007 1.001 1.006 (-0.001) 1.014
r(N1-C2) 1.295 1.295 1.329 (+0.034) 1.315
r(C2-C3) 1.413 1.413 1.392 (-0.021) 1.411
r(C3-C4) 1.360 1.360 1.402 (+0.042) 1.372
r(C4-C10) 1.411 1.411 1.401 (-0.010) 1.409
r(C10-C5) 1.422 1.422 1.414 (-0.008) 1.418
r(C5-C6) 1.353 1.353 1.393 (+0.040) 1.366
r(C6-C7) 1.424 1.424 1.386 (-0.038) 1.420
r(C7-C8) 1.363 1.363 1.436 (+0.073) 1.379
r(C8-C9) 1.416 1.416 1.383 (-0.033) 1.412
r(C9-N1) 1.356 1.356 1.346 (-0.010) 1.364
r(C9-C10) 1.408 1.408 1.456 (+0.048) 1.429

Angles (deg)
æ(HO-O‚‚‚N2) 3.9 5.1 4.7 5.2
θ(C7-O-HO) 112.2 112.3 113.5 111.7
θ(H2,1-N2‚‚‚O) 105.3 107.1 104.6 105.9
θ(H2,2-N2‚‚‚O) 114.1 119.1 114.6 114.4
θ(H2,3-N2‚‚‚O) 114.1 107.1 114.6 114.4
δ(C7-O‚‚‚N) 116.1 117.4 118.2 117.0

Dihedral Angles (deg)
τ(H8-O-C8-C7) 0.0 0.0 0.0 0.0
τ(N‚‚‚HO-O-C7) 0.0 179.98 179.98 0.0
ω(H2,1-N-2‚‚‚O-C7) 0.0 122.4 179.96 0.0
ω(H2,2-N2‚‚‚O-C7) 62.1 0.0 62.5 62.2
ω(H2,3-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
C 427.9 425.3 431.4 (+ 3.5) 426.8

Dipole Moment (D)
|µ| 1.88 1.87 3.32 (+1.44)

a The SCF, B3LYP, and CIS methods were used with the 6-31G(d,p)
and/or 6-311++G(2d,2p) basis sets.b For atom numbering, see Figure
2.
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intramolecular C-C and C-N bonds are predicted to expand/
contract by similar or even larger values, for example, the C7-
C8 bond by+0.073 Å. Thus, although the O-H‚‚‚N coordinate
changes, major geometrical changes arenot along the proton-
transfer coordinate. Also, the O-H and the CdO bond lengths,
which one expects to be directly involved in the proton-transfer
coordinate, are predicted to change very little, by+0.003 and
-0.019 Å, respectively. A detailed list of calculated S1-state
geometry parameters and bond length changes is given in Table
2. The calculated bond length changes are also shown in Figure
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 S0 and S1 states. The calculated
dipole moment of the complex increases from 1.88 D in the S0

state [SCF/6-31G(d,p)] to 3.32 D in the S1 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 upon S1 r S0 excitation,
we calculated thedifferencesof the Mulliken charges,∆qi,
between the S0 state (SCF) and the S1 state (CIS) at each atom.
The largest change, by-0.151e, occurs at atomC4 (see Figure
2), which is far remoVed from the H-bonding site. The next
largest changes are, in order of decreasing magnitude, atC3

(+0.064e), C10 (-0.058e), C2 (-0.055e), andC7 (+0.035e).
The H-bonded O and HO atoms show smaller changes of+0.042
and+0.009e, respectively. Thus, the increase in H-bond well
depth and curvature is not reflected in a charge flow directly to
the hydrogen-bonded-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 theπ-π* transition.

2.5. Harmonic Intermolecular Vibrations. Six low-
frequency intermolecular modes occur in thecis-7-HQ‚NH3

complex; the rocking modeF1, the wagging modeâ1, and the
intermolecular stretchσ originate from the translational degrees
of freedom of the ammonia molecule (see Figure 3), and theâ2

wag, theF2 rock, and the low-frequency torsion modeτ around
the H-bond axis correlate with the three rotations of the free
NH3 molecule (see Figure 4). The wagging modesâ1 and â2

and theσ stretch are in-plane symmetric (a′) vibrations, whereas
F1, F2, and τ are a′′ out-of-plane modes. The intermolecular

vibrational eigenvectors ofcis-7-HQ‚NH3 are shown in perspec-
tive views in Figures 3 and 4, together with the corresponding
harmonic frequencies calculated at the B3LYP/6-311++G(2d,-
2p) level of theory. The low-frequency intermolecular modes
are fairly well decoupled from the 7-HQ frame; for the low-
frequencyâ1 and F1 modes, the motions of the 7-HQ frame
correspond to rigid-frame translation and/or rotation. However,
theF2 rocking mode involves an intramolecular O-H torsional
contribution on 7-HQ, and theâ2 wag mode involves an O-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

Figure 2. The calculated B3LYP/6-311++G(2d,2p) structure ofcis-
7-hydroxyquinoline‚NH3. 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 S1 r S0

excitation are given next to the bonds.

Figure 3. Perspective plots of the H-bond normal-mode eigenvectors
of translational parentage ofcis-7-HQ‚NH3, with the corresponding
B3LYP/6-311++G(2d,2p) harmonic frequencies.

Figure 4. Perspective representations of the hydrogen-bond normal-
mode eigenvectors of rotational parentage ofcis-7-HQ‚NH3, with the
B3LYP/6-311++G(2d,2p) harmonic frequencies.
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are gathered in Table 3 and are compared with the experimental
values (see below). With the exception of theτ andF1 modes,
the SCF/6-311++G(2d,2p) harmonic frequencies are consis-
tently lower than those predicted by the other two calculations.
This is in line with the lower interaction energy noted above.

As in 2-naphthol‚H2O49 and 6-hydroxyquinoline‚H2O,50 two
intramolecular out-of-plane a′′ modesν1 and ν2 at 122.3 and
185.0 cm-1 [B3LYP/6-311++G(2d,2p)] fall within the inter-
molecular frequency range. These two low-frequency modes
are observed as combination bands (see below) and can couple
with the low-frequency out-of-plane a′′ F1 andF2 modes ofcis-
7-HQ‚NH3. The F2 and â2 modes cannot be unequivocally
separated from the intramolecular modesν3 (a′′) and ν4 (a′),
respectively. These mixed intra/intermolecular vibrations are
labeled in Table 3 with the predominant motion first; that is,
ν3/F2 is predominantlyν3 with a noticeableF2 component.

2.6. The τ Internal Rotation Potential and Torsional
States.The torsional modeτ (see Figure 4) has a low reduced
mass, because of the light H atoms, and a large associated rms
vibrational amplitude. Combined with the low barrier for the
internal rotation of NH3 relative to the 7-HQ frame calculated
above, the harmonic approximation is inappropriate. To calculate
the torsional (internal rotation) level structure, we applied a one-
dimensional (1D) anharmonic approach, assuming approximate
separability of the vibrational Hamiltonian in normal coordi-
nates. We assume that the torsional coordinateτ (0-2π) is a
rigid-body rotation of NH3 around its figure axis in the
calculated minimum-energy structure of the complex, neglecting
precessional or nutational motions of the NH3 figure axis around
the O‚‚‚N direction. More elaborate treatments of this problem
have been recently developed.51,52The assumption of separabil-
ity of the torsional mode is also implicit in the torsion-rotation
analysis of the spectra oftrans- and cis-2-naphthol‚NH3 and
trans-1-naphthol‚NH3.40,41For the phenol‚NH3 complex, Schief-
ke et al.53 calculated the 1D internal rotation levels, using a
barrier calculated at the SCF 6-31G(d,p) level, but did not

compare the results to their vibronic spectra. Separability was
also assumed in the treatment of the internal rotation of the
H2O moiety in the complexes phenol‚H2O42,54-57 and 2-naphthol‚
H2O.49

For the 1D potential energy function alongτ, the Fourier
expansion58

is employed, where theVn terms denote then-fold barrier
contributions. Usually, one finds that|V3| . |V6| . |V9|, and
we truncate the expansion after the first term. The reduced
internal rotational constantF of cis-7-HQ‚NH3 was calculated
assuming rigid-body internal rotation of NH3 around itsC3 axis,
in the calculated geometry of the complex, givingF ) 6.637
cm-1. The analogous values determined by Pratt and co-workers
were F ) 6.62 ( 0.05 cm-1 for trans-1-naphthol‚NH3, F )
6.59( 0.05 cm-1 for cis-2-naphthol‚NH3, andF ) 6.58( 0.05
cm-1 for trans-2-naphthol‚NH3.40,41

The 1D internal rotation Schro¨dinger equation58 was solved
numerically, resulting in the eigenvalues given in Table 4. The
torsional levels are labeled by the angular momentum quantum
number l (appropriate for the low-barrier limit) and the
irreducible representation inC3V. The ′ and ′′ labels used later

TABLE 3: Ab Initio Calculated Harmonic Frequencies of the cis-7-HQ‚NH3 Complex Using the SCF and B3LYP Methods for
the S0 State and the CIS Method for the S1 State, with Either the 6-31G(d,p) and/or the 6-311++G(2d,2p) Basis Sets

S0 state

label
irreducible

representation
SCFb

6-31G(d,p)
SCFb

6-311++G(2d,2p)
B3LYP

6-311++G(2d,2p)

S1 state
CIS

6-31G(d,p)

τ a′′ 30.8 30.9 24.6 46.1
F1 a′′ 41.4 37.5 35.5 33.8
â1 a′ 54.8 49.6 55.9 62.2
ν1 a′′ 122.9b 120.6b 122.3 118.1
σ a′ 165.4 142.4 173.8 177.5
ν2 a′′ 186.1b 183.2b 185.0 170.3
ν3/F2

a a′′ 270.3 255.6 280.1 260.1
ν4/â2

a a′ 300.7 279.5 289.9 218.4
F2/ν3

a a′′ 327.9 320.6 296.0 304.1
â2/ν4

a a′ 364.3 354.4 352.2 376.0
ν6 a′′ 411.4b 409.6b 415.4 365.1
ν7/â2

a a′ 473.6 469.1 446.4 444.3
ν8 a′′ 474.4b 472.5b 478.2 452.5
ν9/â2

a a′ 531.2 526.1 495.9 507.7
ν10 a′ 526.7b 525.2 547.7 514.3
ν11 a′′ 546.4b 537.9b 550.1 573.8
ν12 a′ 607.6b 606.6b 632.6 648.7
ν13 a′′ 665.4b 655.4b 661.2 684.1
ν14 a′ 713.8b 710.4b 741.4 755.3
ν15 a′′ 757.4b 721.7b 770.9 758.6
ν16 a′ 758.9b 754.4b 782.1 795.2
ν17 a′′ 776.7b 761.9b 784.6 804.4
ν18 a′′ 793.8b 780.9b 842.0 832.7
ν19 a′′ 844.8b 836.7b 857.0 892.3

a Mixed inter/intramolecular vibrations; the preponderant vibrational motions are indicated. Note that the labeling follows the S0-state sequence.
b Intramolecular frequencies scaled with 0.9028, intermolecular frequencies unscaled.

TABLE 4: Calculated NH 3 Internal Rotation (Torsional)
Levels in the S0 and S1 States ofcis-7-Hydroxyquinoline‚
NH3, Using the 1D Potential and Parameters Given in the
Text

no./irreducible
representation

S0

state
S1

state
no./irreducible
representation

S0

state
S1

state

zero-point energy 18.7 20.8 3A2 36.0 39.4
0A1 0.00 0.00 3A1 53.3 62.4
1E 0.18 0.10 4E 62.9 70.1
2E 32.7 37.3 5E 84.2 91.4

Vτ ) V3(1 - cos 3τ)/2 + V6(1 - cos 6τ)/2 + V9(1 -
cos 9τ)/2 + ...
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in the text refer to the S1 and S0 states, respectively. TheeffectiVe
1D barrier heights in the ground state and electronically excited
state,Vτ(S0) and Vτ(S1), were fitted to experimental torsional
transition frequencies (see the analysis below), assuming that
F is identical in both states. This yieldedVτ(S1) ) 88 ( 1 cm-1

and a ground-state barrier heightVτ(S0) ) 73 ( 1 cm-1. These
two torsional potentials and their calculated torsional levels up
to l ) 5 are shown in Figure 5.

The calculated SCF/6-31G(d,p) torsional barrier of 25.8 cm-1

is substantially lower than the effective 1D S0-state barrier
derived from the spectroscopic analysis. There are several
reasons for this: (1) The SCF 6-31G(d,p) method yields anR(O‚
‚‚N) which is too long by nearly 0.1 Å, judging from the
B3LYP/6-311++G(2d,2p) calculation. (2) The ab initio saddle-
point optimization yields a stationary point of the full 3N - 6
dimensional space. In contrast, the model employed above refers
to a 1D rigid internal rotation, which constrains the torsional
path and increases the effective barrier. (3) The geometrically
calculatedF is only an approximation to theF that would result
from integrating the full mass-weighted torsional path in 3N -
6 dimensions.51,52

3. Experimental Results

3.1. Experimental Setup.7-HQ‚NH3 complexes were syn-
thesized and cooled in a 20 Hz pulsed supersonic expansion of
NH3/neon (0.5%/99.5%) at 1.0-1.4 bar backing pressure; typical
pulse widths were 200µs fwhm. 7-HQ (Kodak) was placed in
a magnetically actuated pulsed nozzle (0.4 mm diameter) heated
to 193°C. Two-color resonant two-photon ionization (2C-R2PI)
spectra were recorded by crossing the skimmed supersonic jet
at ∼90° with unfocused (∼3 mm diameter) UV excitation and
ionization laser beams. S1 r S0 excitation was performed with
a frequency-doubled DCM dye laser (50-900µJ/pulse), pumped
by the second harmonic of a Nd:YAG laser. For the ionization
step, a second pulsed UV dye laser was used (Rhodamine 6G/
MeOH mixture) with an intensity of∼1.8 mJ/pulse, pumped
by a second Nd:YAG laser. Ionization was performed closely
above the ionization potential (IP) at 285 nm (see below). Other
experimental details were described previously.39,50,59

The photoionization yield curve ofcis-7-HQ‚NH3 was
measured by fixing the excitation laser at the electronic origin
of the cis rotamer at 29 925 cm-1 and scanning the ionization
laser frequency across the steplike onset of ion signal. This onset
yields an approximate adiabatic IP of 64 485 cm-1. For all 2C-
R2PI experiments, the ionization laser frequency was tuned just
above the IP of the cis isomer, at 36 364 cm-1. Dissociation of
the 7-HQ‚NH3 to 7-HQ was found to be negligible (<1%).
Because the ion signal of thetrans-7-HQ‚NH3 was weak even
at the electronic origin, no IP was determined for this rotamer.

For the dispersed fluorescence experiments, an excitation laser
energy of 250µJ/pulse was used. The laser beam crossed the
jet beam about 4 mm downstream from the nozzle. The emitted
fluorescence radiation was collected using quartz optics, dis-
persed with a SPEX 1704 1.0 m monochromator, and detected
using a cooled Hamamatsu R928 side-on photomultiplier.

3.2. Intermolecular Vibrations. An overview of the 2C-
R2PI spectrum of 7-HQ‚NH3 is presented in Figure 6. The first
intense band observed in the spectrum at 29 925 cm-1 is
assigned as the electronic origin ofcis-7-HQ‚NH3. A weak band
observed at 29 790 cm-1, 135 cm-1 to the red, with only 2.5%
of the intensity of the cis rotamer, is tentatively assigned to the
electronic origin of thetrans-7-HQ‚NH3 rotamer. This is based
on analogous assignments fortrans- andcis-2-naphthol‚H2O60

and for trans- andcis-2-naphthol‚NH3.40 Similar assignments
have been given for the closely related complexestrans- and
cis-6-hydroxyquinoline‚H2O50 andtrans- andcis-7-hydroxyquino-
line‚H2O.35,39

This assignment is also supported by the SCF/6-31G(d,p)
calculated energy differences which predict that the trans rotamer
lies at higher energy than the cis, with∆Erel(trans- cis) )
1.88 kcal/mol. At the source temperature of 466 K, this translates
into a trans/cis Boltzmann ratio of∼1:8. This is higher than
the observed ratio of 1:40 but is of the right order of magnitude.
We note that this ratio is lower for the bare 7-HQ molecule,
for which, based on the calculatedErel(trans- cis), the trans/
cis rotamer ratio is 1:4 atT ) 470 K.61 If the weak band at
29 790 cm-1 is the trans electronic origin, one may safely
assume that the associated vibronic band structure is even
weaker and that all intense bands observed above 29 925 cm-1

are due to thecis-7-HQ‚NH3 rotamer.
With these assignments, the spectral red shifts of the

electronic origins of 7-HQ upon complexation with NH3 amount
to ∆ν ) -754.3 cm-1 (2.16 kcal/mol) for the trans rotamer
and ∆ν ) -917.6 cm-1 (2.62 kcal/mol) for the cis rotamer.
These values represent the increases of the H-bond dissociation
energy upon electronic excitation,∆ν ) D0(S0) - D0(S1). Both

Figure 5. S0 and S1 excited-state effective one-dimensional torsional
potentials as a function of torsion angleτ with barrier heightsV3(S0)
andV3(S1). The calculated S0 and S1 torsional levels are indicated, using
the reduced rotation constantF ) 6.637 cm-1. Optically allowed
transitions from the 0A′′ and 1E′′ levels are indicated by arrows. Note
that the E levels are degenerate and that the 0A1/1E splitting of∼0.1
cm-1 is not visible on this scale.
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spectral shifts are larger than those ofcis-2-naphthol‚NH3

(-586.3 cm-1) and trans-2-naphthol‚NH3 (-626.3 cm-1) and
much larger than that oftrans-1-naphthol‚NH3 (-236.4 cm-1);
see also Table 5.1,2,5,40,41

In the S1 r S0 2C-R2PI spectra, low-frequency excitations
of cis-7-HQ‚NH3 appear at 00

0 +63, +68, +79, and +189
cm-1, as indicated in Figure 6. They are assigned to intermo-
lecular excitations, because the lowest intramolecular excitations

in the S1 r S0 spectra of bare 7-HQ lie>280 cm-1 above the
origin. A number of intramolecular excitations are also apparent
and are assigned by comparison to thecis-7-HQ R2PI spectrum.
The band frequencies relative to 00

0 are given in Table 6; the
assignments are discussed below.

The dispersed fluorescence emission spectrum obtained
following excitation at the electronic origin ofcis-7-HQ‚NH3

is shown in Figure 7. In the low-frequency region of 0-300
cm-1, bands at 00

0 +54, +60, +71, +172, and+282 cm-1 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 cm-1). Frequencies relative
to the 00

0 band together with the calculation results are given in
Table 6. The S1 fluorescence lifetime at the electronic origin
was measured to be 6.3( 1 ns. Using the integrated absorption
band strength in solution, we estimate the quantum yield of this
complex to be quite low,Φfl ) 0.10 ( 0.03.

3.2.1. Stretching Vibrations.In both the S1 r S0 2C-R2PI
and S1 f S0 fluorescence spectra, we find that the electronic/
vibrational selection rules forCs symmetry are followed; that
is, transitions occur only to a′ fundamentals, overtones, or
combination levels. This is in agreement with the ab initio
calculatedCs symmetric structures for both the S0 and S1 states.
In analogy tocis- and trans-2-naphthol‚NH3,5 cis- and trans-
2-naphthol‚H2O,49 and 6-HQ‚H2O,50 we assign the most intense
intermolecular band at+189.1 cm-1 in the R2PI spectrum to
the S1 intermolecular stretching fundamentalσ′. The harmonic
frequency from the CIS calculation isσ′ ) 177.5 cm-1. The
2σ′ overtone is tentatively identified at 374.9 cm-1.

In the fluorescence spectrum, the intense band at 172.1 cm-1

is assigned as the intermolecular stretching fundamentalσ′′; this

Figure 6. (a) Two-color resonant two-photon ionization spectrum of
7-hydroxyquinoline‚NH3. The wavenumber scale is relative to the cis-
rotamer electronic origin at 29 925 cm-1. (b) The expanded spectrum
up to 00

0 +200 cm-1, 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 S0 and S1
States

V3 (cm-1) R(O‚‚‚N) (Å)

labels ∆ν (cm-1) S0 S1 S0 S1

trans-1-naphthol‚NH3
a -236.4 39.9 46.5 2.86 2.72

cis-2-naphthol‚NH3
a -586.3 41.1 53.8 2.87 2.71

trans-2-naphthol‚NH3
a -626.3 34.2 58.2 2.88 2.68

cis-7-hydroxyquinoline‚NH3 -917.5 73.0 88.0 2.835b 2.782c

a Data from refs 40 and 41.b B3LYP/6-311++G(2d,2p)Re value.
c ∆Re[CIS/6-31G(d,p)- SCF/6-31G(d,p)]+ Re(B3LYP/6-311++G-
(2d,2p)).

TABLE 6: Experimental Vibrational Frequencies (in cm-1)
and Assignments forcis-7-Hydroxyquinoline‚NH3 in the S0
and S1 States, from Fluorescence and Two-Color R2PI
Spectra

S0 state S1 state

assignment freq intensitya assignment freq

F′1 33.1
τ2E

1E 31.2 0.7 τ1E
2E 38.3

τ0A
3A 62.5

τ3A
0A 54.2 5.7 â′1 68.0

â′′1 59.6 5.4 τ1E
4E 70.2

2F′′1 71.4 1.4 2F′1 78.9
τ0A

3A + â′1 128.9
2â′1 135.5

174.9
3â′1 182.8

σ′′ 172.1 16.4 σ′ 189.1
ν′′1 + ν′′2 275.4 1.9 σ′ + τ0A

3A 250.8
ν′′4 281.7 2.9 ν′4 303.1/304.7
σ′′ + 2â′′1 294.9 1.4 σ′ + τ0A

3A + â′1 315.8
2σ′′ 334.3 0.9
â′′2 347.1 3.4 2σ′ or â′2 374.9
ν′′7 442.0 8.3 ν′7 429.5

2σ′ + 2F′1 455.9
ν′′9 491.2 14.4 ν′9 462.7
σ′′ + â′′2 516.2 2.0 σ′ + ν′4 490.7
ν′′10 546.2 5.9 ν′10 519.0
ν′′7 + σ′′ 614.2 0.7 ν′9 + τ0A

3A 524.4
ν′′12 628.0 4.8 ν′12 587.2

ν′7 + σ′ 616.5
649.3 1.4 ν′9 + σ′ 651.0

2â′′1 706.7 0.9 691.6
ν′′16 783.0 16.4 ν′14 730.6

826.0 0.9 ν′4 + ν′9 765.9

a Intensity of electronic origin) 100.
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is the most intense transition up to 900 cm-1. The harmonicσ′′
frequency was calculated as 173.8 cm-1 with the B3LYP/6-
311++G(2d,2p) method and as 165.8 cm-1 at the SCF/6-31G-
(d,p) level (see Table 3). The former frequency especially is in
excellent agreement, considering that anharmonicity should
lower the harmonic frequency. The calculated intermolecular
stretching frequency is substantially higher than that for thecis-
7-HQ‚H2O complex. Thus, the higher binding and dissociation
energies are paralleled by a higher stretching force constant.

3.2.2. Wagging, Rocking, and Torsional Vibrations.The â1

(a′) wagging mode is allowed as a fundamental in the S1 T S0

electronic transitions. In both the R2PI and fluorescence spectra,
a group of bands is observed in the 50-80 cm-1 region. In the
dispersed fluorescence spectrum, there are two equally intense
bands at+54.2 and+59.6 cm-1, followed by a weaker band at
+71.4 cm-1 (see Figure 7). The B3LYP/6-311++G(2d,2p)
harmonicâ′′1 frequency is 55.6 cm-1. We assign thesecond
band, at+59.6 cm-1, to theâ′′1 fundamental, for reasons given
below.

In the R2PI spectrum, there is a group of bands at+62.5,
+68.0, +70.2, and+78.9 cm-1 (see Figure 6b). Again, we
assign the second band of the group at 68.0 cm-1 as â′1. The
CIS harmonic frequency isâ′1 ) 62.2 cm-1. The overtone 2â′1
is weakly observed at 135.5 cm-1. A weak band at 182.8 cm-1

is tentatively assigned to the second harmonic 3â′1, enhanced
by Fermi resonance with the intermolecular stretch. The
alternative assignment ofâ′1 to the band at 62.5 cm-1 is
possible; however, we would then expect an overtone at or
slightly lower than 125 cm-1, which is not observed.

The first band in each group is attributed to a torsional
(internal rotation) transition; in absorption, this isτ
(3A′1r0A′′1), calculated at 61.6 cm-1 and observed at 62.5
cm-1. Note that experimentally there is no overtone at twice
the 62.5 cm-1 excitation, as would be expected for the torsional
vibration. In fluorescence, the analogousτ(0A′1f3A′′1) is cal-
culated at 53.2 cm-1 and observed at 54.2 cm-1. In both

absorption and emission, the band intensities are enhanced by
Fermi resonance of the torsional levels with the close-lyingâ′1
andâ′′1 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′′
state is predicted to lie only 0.18 cm-1 above the 0A′′ ground
state; hence, it is thermally populated even at the low vibrational/
rotational temperature of the supersonic jet. E′ r E′′ torsional
transitions can arise in absorption, as indicated in Figure 5. The
splitting of the electronic origin due to the two torsional
subbands 0A′1 r 0A′′1 and 1E′ r 1E′′ is calculated to be only
0.08 cm-1, which is below our laser resolution of∼0.3 cm-1.
The 2E′ r 1E′′ transition is predicted at 37.1 cm-1; indeed, a
weak band is observed at 38.3 cm-1 in the R2PI spectrum. The
4E′′ r 1E′′ transition is predicted to lie at 69.1 cm-1; we assign
the shoulder on the high-frequency side of the 68 cm-1 R2PI
band at 70.2 cm-1 to this transition. Theτ(3A′1r0A′′1) torsional
transition also appears in combination withâ′1 at 128.9 cm-1

(see Table 6).
When exciting at the electronic origin with our laser

bandwidth of 0.3 cm-1, both the 0A′1 r 0A′′1 and 1E′ r 1E′′
torsional subbands are simultaneously excited. Hence, fluores-
cence from the 1E′ level should give rise to weak torsional
transitions in emission; the 1E′ f 2E′′ fluorescence transition
calculated at 32.8 cm-1 (see Table 4) is assigned to a weak
band observed at∼31 cm-1.

For â′′2, the B3LYP/6-311++G(2d,2p) harmonic frequency
of 352.2 cm-1 is in good agreement with a fluorescence band
observed at 347.1 cm-1. The barecis-7-HQ molecule does not
exhibit any fluorescence bands in this region, which favors
assigning this transition to an intermolecular mode. An alterna-
tive would be the 2σ′′ overtone. In the R2PI spectrum, we assign
an intense band at+374.9 cm-1 (see Figure 6) as theâ′2
vibration; again, assignment as the 2σ′ overtone is possible.

Both the intermolecular rocking modesF1 andF2 are a′′ in
Cs. They are symmetry-forbidden as fundamentals in the S1 T
S0 transitions but may occur as sequence or overtone bands.
The third strong band in each group, at 78.9 cm-1 (R2PI) and
+71.4 cm-1 (fluorescence), is assigned to the 2F′1 or 2F′′1
overtone, respectively. These overtones are enhanced by Fermi
resonance with theâ′1 andâ′′1 states, respectively. Analogousâ1

T 2F′1 Fermi resonances also occur in the spectra ofcis- and
trans-6-HQ‚H2O.50 The large-amplitude motions associated with
these a′′ rocking vibrations give rise to a dipole moment
modulation, rendering them weakly allowed, with selection rules
similar to Herzberg-Teller bands. Hence, weak a′′ fundamentals
may be observed in the spectra. The calculated S0- and S1-state
F1 frequencies are 35.5 and 33.8 cm-1, respectively. A weak
R2PI band at 33.1 cm-1 may be assigned as theF1

0 transition.
3.3. Discussion.The σ stretching and the low-frequencyâ1

wag frequencies ofcis-7-HQ‚NH3 can be compared with those
of cis-2-naphthol‚NH3 in both the S0 and S1 states5 (see Table
7). In both electronic states, the frequencies ofcis-7-HQ‚NH3

are 7-8% higher, implying stronger curvature of the O-H‚‚‚
N hydrogen-bond stretching and wagging potentials.

More information on the stretching potentials can be derived
within a pseudodiatomic model.62-64 The intermolecular stretch-
ing coordinate is assumed to be a 1D motion, and the 7-HQ
and NH3 subunits are taken as pseudoatoms of mass 17.03 and
145.19 amu, giving a reduced massµ ) 15.242 amu. We
assumed Morse potential functions for both electronic states.
For S0, we employ the B3LYP well depthDe(S0) ) 2990.6 cm-1

Figure 7. Dispersed fluorescence spectrum ofcis-7-hydroxyquinoline‚
NH3, excited at the electronic origin at 29 925 cm-1, with a mono-
chromator band-pass of 3.6 cm-1. The wavenumber scale is relative to
the 00

0 band. The electronic origin is off the scale at 1.0 relative units.
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(8.550 kcal/mol) (see Table 1). For a Morse function, the
fundamental frequency is given byωe - 2ωexe. Combining this
with σ′′ ) 172.1 cm-1 and the relationωexe ) ωe

2/4De yields
the harmonic frequencyωe(S0) ) 177.4 cm-1, the anharmonicity
constantωexe(S0) ) 2.630 cm-1, the Morse potential stiffness
parametera(S0) ) 1.5419 Å-1, and the 1D dissociation energy
D0(S0) ) 2902.6 cm-1. The S1-state Morse potential was
obtained using the experimental spectral red shift∆ν ) D0(S0)
- D0(S1) ) -917.5 cm-1, giving D0(S1) ) 3820.1 cm-1. Using
the experimental anharmonic fundamental stretching frequency
σ′ ) 189.1 cm-1, the well depth is determined asDe(S0) )
3916.4 cm-1, giving ωe(S1) ) 193.9 cm-1, ωexe(S1) ) 2.400
cm-1, anda(S1) ) 1.4732 Å-1. These Morse potential param-
eters are gathered in Table 7.

From theωe values, the harmonic S0- and S1-state stretching
force constants are calculated to bek′′σ ) 28.25 andk′σ ) 33.77
N/m, respectively. These force constants are 22% larger than
the k′′σ ) 23.2 andk′σ ) 27.6 N/m of thecis-2-naphthol‚NH3

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 N/m.62-64 Using the
same pseudodiatomic approximation, the H-bond stretching
force constant for pyrimidine‚‚‚H-OH was recently determined
to be 13.8 N/m.65

The relative displacement of the S0- and S1-state Morse
potentials along the intermolecular stretching coordinate was
calculated, using the observed ratio of Franck-Condon factors
for theσ1

0 and origin bands in fluorescence,I(σ1
0)/I(00

0) ) 0.164
(see Table 6). (Theσ0

1 transition in the 2C-R2PI spectrum is
saturated and cannot be employed.) The anharmonic stretching
wave functions were calculated by numerical solution of the
1D vibrational Schro¨dinger equation with the Morse potentials
and reduced mass determined above, followed by numerical
quadrature to give the Franck-Condon factors for the 00

0 and
σ1

0 transitions. This yielded a displacement of the potential
minima along the stretching coordinate of(0.063 Å. Structure
determinations on the 1- and 2-naphthol‚NH3 complexes
indicatedcontractionsof the H-bond upon electronic excitation
by 0.16-0.2 Å40,41 (see also Table 5). The CIS calculation of
cis-7-HQ‚NH3 also indicates a bond contraction, albeit by only
-0.053 Å (see Table 2). Hence, we assume contraction of the
H-bond upon electronic excitation (i.e.,-0.063 Å). 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 theV3 barriers of the
analogoustrans-1-naphthol‚NH3, cis-2-naphthol‚NH3, andtrans-
2-naphthol‚NH3 complexes from a detailed rotational analysis
of the 0A′ r 0A′′ and 1E′ r 1E′′ subbands of the S1 r S0

electronic origin, using an effective torsional-rotation Hamil-
tonian.40,41TheV3 values they derived were in the range of 34-
41 cm-1 for the S0 state and 46-58 cm-1 for the S1 state; see
Table 5 and refs 40 and 41. The torsional barriers ofcis-7-HQ‚

NH3 determined here,V3(S0) ) 73 andV3(S1) ) 88 cm-1, 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 inbothelectronic states of 7-HQ‚
NH3 imply stronger intermolecular interactions, presumably due
to repulsive interactions of the atoms H2,2 and H2,3 of NH3 with
the H8 atom of 7-hydroxyquinoline. This is in line with the
higher â1 wag andσ stretching frequencies and the larger
spectral red shift of 7-HQ‚NH3, compared to the naphthol
complexes. Theincreasein the effective 1D torsional barrier
by 15 cm-1 upon excitation to the S1 state can be understood
in terms of the decrease ofR(O‚‚‚N) by -0.06 Å (see above),
which brings these two ammonia H atoms into closer contact
with the H8 atom.

One might argue that the effectiveV3 barriers determined
for the 1- and 2-naphthol‚NH3 complexes in refs 40 and 41
differ from those determined for 7-HQ‚NH3 because of the
different type of data and different analysis (torsion-rotation
vs torsion). However, for all three complexes, the analysis is
based on a model 1D hindered internal rotationansatz, neglect-
ing couplings to the other inter- and intramolecular modes
(stretching, wag, rocking, and N-H symmetric stretch). OurF
constant for internal rotation was based on the ab initio geometry
for the S0 state and was retained for the S1 state, and it is very
close to theF values oftrans-1-naphthol‚NH3, cis-2-naphthol‚
NH3, and trans-2-naphthol‚NH3. Also, any alternative band
assignments to torsional transitions ofcis-7-HQ‚NH3 would
increasethe torsional barriers beyond the values derived above.
Thus, we believe that the differences of torsional barriers
between the 7-HQ‚NH3 and the 1- and 2-naphthol‚NH3 com-
plexes are significant.

4. Conclusions

S1 T S0 vibronic spectra of the 7-hydroxyquinoline‚NH3

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 S0 and S1 states, which are relevant to the
discussion of the (incipient) proton-transfer coordinate of this
and the larger 7-hydroxyquinoline‚(NH3)n clusters.36,37

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 O-H‚‚‚NH3 and
not to the NH3‚‚‚N or NH3‚‚‚O H-bond configurations. Ab initio
structure optimizations using SCF/6-31G(d,p), CIS/6-31G(d,p),
and the B3LYP/6-311+1G(2d,2p) hybrid density functional
methods all yieldedCs-symmetric S0- and S1-state minimum-
energy structures, with a nearly linear H-bond for both the cis
and the trans rotamers, similar to the 1- and 2-naphthol‚NH3

40,41

and the 6- and 7-hydroxyquinoline‚H2O complexes.37,39At the
B3LYP level, the hydrogen bond lengthR(O‚‚‚N) is predicted
to be 2.835 Å, close to the〈R〉(O‚‚‚N) values of 2.86-2.88 Å
determined for the 1- and 2-naphthol‚NH3 complexes by Pratt
et al.41

Normal-mode analyses were carried out with a main focus
on the six intermolecular modes, characterized as the a′ H-bond
stretchσ, the a′′ H-bond torsionτ, two a′ wagsâ1 andâ2, and

TABLE 7: Comparison of Selected Intermolecular
Vibrational Frequencies (cm-1) for the Hydrogen-Bonded
Complexes of NH3 with trans-1-Naphthol, cis-2-Naphthol,
trans-2-Naphthol, and thecis-7-HQ‚NH3 Complex in the S0
and S1 States

labels â1 σ kσ ωe ωexe

cis-2-naphthol‚NH3,a S0 53.2 160.9 23.2
cis-2-naphthol‚NH3,a S1 56.9 175.6 27.6
cis-7-hydroxyquinoline‚NH3, S0 59.6 172.1 28.25 177.37 2.630
cis-7-hydroxyquinoline‚NH3, S1 68.0 189.1 33.77 193.91 2.400

a Data from ref 5.
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two a′′ rocksF1 andF2. 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 S0-state H-bond stretching frequencyσ′′ ) 172 cm-1 is
already relatively high and increases by about 10% to 189 cm-1

in the S1 state. The harmonic stretching force constant, derived
in the framework of a pseudodiatomic model, isk′′σ ) 28.3
N/m, increasing tok′σ ) 33.8 N/m in the S1 state. In parallel,
the H-bond dissociation energy increases by 2.62 kcal/mol upon
S1 r S0 excitation, corresponding to∼40% of the B3LYP
calculated ground-state dissociation energyD0(S0) ) 6.78 kcal/
mol.

The H-bond stretching vibration Franck-Condon factors
imply that theR(O‚‚‚N) distance changes by(0.063 Å during
the S1 T S0 transition. The CIS (S1-state) calculation predicts
a contraction of theR(O‚‚‚N) distance by-0.053 Å relative to
the SCF (S0-state) calculation, in good agreement with the
experiment. The picture that emerges is that S1 T S0 excitation
deepens the H-bond well substantially, thereby increasing its
curvatures and force constants. The H-bond length shortens, but
not by a large amount. The observed/calculated contractions of
0.06/0.05 Å are 3-4 times smaller than the 0.2 Å contractions
proposed for the analogous 1- and 2-naphthol‚NH3 com-
plexes.40,41In the latter studies, the observed differences between
the S0- and S1-state rotational constants were modeled in a way
that attributes the geometry changes mainly to the shortening
of the H-bond length, a procedure that should be viewed with
some caution. The present CIS and SCF calculations on 7-HQ‚
NH3 indicate that upon electronic excitation substantial geometry
changes occur throughout the hydroxyarene framework (see
Figure 2) and arenot predominantly along the intermolecular
R(O‚‚‚N) coordinate.

The torsionalτ mode was treated using a 1D internal rotation
Vτ ) V3(1 - cos 3τ)/2 periodic potential. On the basis of several
observed excitations in the 30-70 cm-1 range, effectiveV′3
and V′′3 barrier heights were determined. These barriers are
higher than those determined by rotationally resolved spectros-
copy for the 1- and 2-naphthol‚NH3 complexes.40,41With respect
to every property measured (stretching, wagging, torsional
frequencies, torsional barrier, and spectral red shift (see Tables
5 and 7)), thecis-7-hydroxyquinoline O-H‚‚‚NH3 hydrogen
bond is stronger than those for the analogous 1- and 2-naphthol‚
NH3 complexes. However, it clearly doesnot exhibit a proton-
transfer reaction in either the S1 or S0 state.
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