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Using the stimulated-emission-pumping/resonant 2-photon ionization (SEP-R2PI) method, we have
determined accurate intermolecular dissociation energies Dy of supersonic jet-cooled intermolec-
ular complexes of 1-naphthol (1INpOH) with alkanes, INpOH-S, with S = methane, ethane,
propane, and n-butane. Experimentally, the smaller alkanes form a single minimum-energy struc-
ture, while 1-naphthol-n-butane forms three different isomers. The ground-state dissociation ener-
gies Do(So) for the complexes with propane and n-butane (isomers A and B) were bracketed
within +0.5%, being 16.71 + 0.08 kJ/mol for S = propane and 20.5 + 0.1 kJ/mol for isomer
A and 20.2 + 0.1 kJ/mol for isomer B of n-butane. All INpOH-S complexes measured previ-
ously exhibit a clear dissociation threshold in their hot-band detected SEP-R2PI spectra, but weak
SEP-R2PI bands are observed above the putative dissociation onset for the methane and ethane
complexes. We attribute these bands to long-lived complexes that retain energy in rotation-type
intermolecular vibrations, which couple only weakly to the dissociation coordinates. Accounting
for this, we find dissociation energies of Dy(Sg) = 7.98 + 0.55 kJ/mol (+7%) for S = methane and
14.5 £0.28 kJ/mol (£2%) for S = ethane. The Dy values increase by only 1% upon So — S excitation of
1-naphthol. The dispersion-corrected density functional theory methods B97-D3, B3LYP-D3, and
wB97X-D predict that the n-alkanes bind dispersively to the naphthalene “Face.” The assignment
of the complexes to Face structures is supported by the small spectral shifts of the So — S
electronic origins, which range from +0.5 to —15 cm~!. Agreement with the calculated disso-
ciation energies Dy(Sp) is quite uneven, the B97-D3 values agree within 5% for propane and
n-butane, but differ by up to 20% for methane and ethane. The wB97X-D method shows good
agreement for methane and ethane but overestimates the Dgy(Sop) values for the larger n-alkanes
by up to 20%. The agreement of the B3LYP-D3 Dy values is intermediate between the other two
methods. © 2018 Author(s). All article content, except where otherwise noted, is licensed under
a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5034110
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Intermolecular dissociation energies of 1-naphthol-n-alkane complexes

. INTRODUCTION

London dispersion forces arise from long-range electron
correlation between atoms and molecules.!> These nonco-
valent interactions between atoms or molecules are always
attractive and are present in all forms of condensed mat-
ter. They contribute importantly to the structures and lattice
energies of molecular solids and are involved in phenom-
ena such as enzyme-substrate binding, drug-substrate inter-
actions, and protein folding, so they are of great importance
in fields ranging from solid-state physics to chemical biol-
ogy.>~13 Although London dispersion energies between two
closed-shell atoms are fairly weak,'”’ they increase with the
number of atoms in molecular systems, so their additive nature
is easily underestimated. When many atoms are in close
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proximity, as in molecular complexes, the dispersive contri-
butions to the intermolecular binding energy may be larger
than those from electrostatics, even when polar species are
considered. When predominantly nonpolar species interact,
London dispersion is usually the dominant binding energy
contribution.

Calculations of dispersive interactions between poly-
atomic molecules are still remarkably challenging for wave
function methods, since high-level correlated methods and
large diffuse basis sets are necessary to accurately capture the
intermolecular correlation energy.!>?" In density-functional
theory (DFT), the introduction of dispersion-corrected func-
tionals has provided a major advance.’'>> However, the
parametrization of the dispersion terms employed in DFT-D
methods has mainly been based on calculations,’?%%32627 and
the databases used to benchmark DFT-D calculations of dis-
persively bound complexes are themselves mostly based on
calculations.!*!%17 Of the noncovalent interaction energies in
the GMTKN30 database,’?® only six dissociation energies are
based on experiment.>*3" It is therefore important to gather

© Author(s) 2018
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accurate experimental benchmark data for benchmarking
high-level correlated quantum chemical methods, dispersion-
corrected DFT methods, for the parametrization of force-field
models used in fields ranging from crystallography to bio-
chemistry and to improve our understanding of intermolecular
bonding.!3-1518-20.25

Using the stimulated-emission pumping resonant two-
photon ionization (SEP-R2PI) method,'**'=%7 we have
recently determined accurate ground state (Sp) intermolec-
ular dissociation energies Do(So) of the intermolecular
I-naphthol-S complexes with noble gas atoms (S = Ne,
Ar, Kr, Xe) and with N, which lie in the range between
Do = 3.4 and 10.8 kJ/mol.>” These complexes are disper-
sively bound, with S on a Face of the naphthalene moiety.
Increasing the size of the solvent S to nonpolar cycloalkanes
leads to considerable increases of the dissociation energies,
which range from Dy = 17.0 kJ/mol for S = cyclopropane
to 22.1 kJ/mol for S = cycloheptane.?>*%3 In this work, we
bridge the gap between the atomic and small-molecule (N)
solvents and the cycloalkane solvents by measuring the dis-
sociation energies of INpOH-alkane complexes ranging from
S = methane to S = n-butane. Thus, the experimental Dy(Sg)
energies of these fifteen dispersively bound 1-naphthol com-
plexes with nonpolar solvents from Ne to cycloheptane now
cover a near-contiguous range between 3 and 22 kJ/mol. This
allows us to test correlations of Dy(Sy) with properties of the
isolated solvent atoms or molecules.

The SEP-R2PI measurements for INpOH-methane and
INpOH-ethane revealed more gradual dissociation energy
thresholds than observed for all other INpOH-S complexes to
date. This phenomenon is interpreted in terms of the very weak
coupling of the three (two) internal-rotational-type intermolec-
ular vibrations of methane (ethane) to the translation-type
dissociation coordinates.

We also compare the experimental dissociation energies
Do(Sp) to those calculated by three dispersion-corrected DFT
methods. The calculated intermolecular binding energies D, of
the minimum-energy structures are corrected for the zero-point
vibrational energy (ZPVE) contributions both from the inter-
molecular ZPVE of the six new vibrations that arise between
the 1-naphthol and n-alkane moieties and for the change of the
intramolecular ZPVE of the two monomer moieties that arise
upon complex formation. We discuss all three contributions to
D(Sp). Calculations of these complexes by highly correlated
ab initio methods would be very desirable,'>!%1%3 but are
outside the scope of this work.

Fujii et al. have previously measured the Dy(So) val-
ues of complexes of benzene (Bz) with S = methane® and
S = ethane, propane, n-butane, iso-butane, and cyclohex-
ane.*? Their Dy(Sp) determinations of the neutral complexes
involved measuring the Dy of the respective Bz*-S cation
ground states, combined with measurements of the ioniza-
tion potentials (IPs) of bare benzene and of Bz-S, using the
two-color R2PI technique. They compared their experimental
values to coupled-cluster single, double and perturbative triple
excitations [CCSD(T)] calculated dissociation energies, which
agree well with the measured values.>>*’ We compare the two
sets of experimental Dy measurements of alkane complexes in
Sec. IV.
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Il. METHODS
A. Experimental

The INpOH-n-alkane complexes were formed and cooled
in supersonic expansions of 0.2%-0.3% of the n-alkane diluted
into Ne gas (99.99% purity). The gas mixture at a stagnation
pressure of 1.5 bar was passed over the 1-naphthol (1-NpOH)
that was heated to 353 K (0.5 mbar vapor pressure) in the
pulsed valve (nozzle diameter 0.4 mm). The resulting super-
sonic jet was skimmed and then passed into the source region
of a 1.2 m linear time-of-flight mass spectrometer.

The Sp state dissociation energies of the jet-cooled
1-naphthol-S complexes are determined using vibrational pre-
dissociation (VP) in the Sy state. High vibrational levels of the
ground state complex are populated using stimulated-emission
pumping (SEP)*! via the Sy <> S transition. 3317363842 Fo].
lowing the “pump” and “dump” steps, the vibrational predis-
sociation of the hot 1-naphthol-S levels is detected by a third
time-delayed laser by resonant two photon ionization (R2PI)
at “hot” vibronic transitions that lie close to the 08 band of the
So — S transition. This triply resonant method is abbreviated
as SEP-R2PI;!3:31-36:3842 3 scheme is shown in Fig. S1 of the
supplementary material.

Two frequency-doubled tunable dye lasers (Lambda
Physik FL.2002 and FL3002, 310-330 nm range in the UV)
were employed as pump and dump lasers with UV pulse ener-
gies of ~0.2 and ~2 mJ/pulse. Both dye lasers were pumped
by the same frequency-doubled Nd:YAG laser (Quanta Ray
DCR3). The probe dye laser (Lambda Physik LPD 3000,
0.2-0.3 mJ/pulse in the UV) was pumped by a frequency-
doubled Continuum Surelite II Nd:YAG. The dye-laser wave-
lengths and bandwidths (0.3-0.4 cm™') before frequency
doubling were monitored using a HighFinesse WS6 waveme-
ter. The probe laser was time-delayed between 1.1 and 3 us
relative to the pump and dump lasers and crossed the molec-
ular beam 1-3 mm downstream of these lasers to compensate
for the ~950 m/s mean speed of the molecular beam. Other
experimental details were reported previously.3>-3%-38

Resonant two-photon ionization (R2PI) spectra, dump
spectra, and probe spectra were recorded by monitoring the
mass-separated ion signals of the respective complexes. Iso-
meric complexes of the same mass were identified and dif-
ferentiated using UV/UV holeburning spectroscopy. In this
technique, an intense UV laser (~1 mlJ/pulse) is fixed at
the electronic origin (08 band) of a given INpOH:S isomer,
thereby depleting the v”’ = 0 vibrational ground state of this
isomer. A second tunable UV laser is scanned over the region
of interest and yields a one-color R2PI spectrum. The 08 and
vibronic bands originating from the vibrational ground-state
of the depleted isomer can be identified by their reduced inten-
sities, compared to the same scan without the UV hole-burning
laser.

Dispersed fluorescence spectra of the INpOH-n-alkane
complexes were measured by exciting at the respective 08
bands, see below. The emitted fluorescence was collected with
UV fused silica optics and dispersed with a high-resolution
1.5 m scanning monochromator (SOPRA UHRS F1500,
1800 I/mm grating employed in second order). The slit width

of 200 um is equivalent to a spectral bandpass of 3 cm™!.
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B. Theoretical methods

The minimum-energy structures and harmonic vibra-
tional frequencies of the INpOH-n-alkane complexes were
calculated using three dispersion-corrected density func-
tional methods. The B97-D3?! and B3LYP-D3?’ meth-
ods were employed with the def2-TZVPP basis set using
TURBOMOLE 7.0. For comparison, we employed the
Chai-Gordon long-range and dispersion-corrected wB97X-D
functional,”® as implemented in Gaussian 09,* using the
6-31++G(d,p) basis set. The latter two methods gave good
results in studies of large 7r-stacked complexes.*+*> All struc-
ture optimizations were unconstrained. The binding ener-
gies D, were calculated by subtracting the total energies of
1-naphthol and of the n-alkane (both optimized at their respec-
tive isolated-molecule geometries) from the total energy of
the 1-naphthol-n-alkane complex at its optimized minimum-
energy geometry. The Boys-Bernardi counterpoise (CP) cor-
rection for the basis set superposition error was used for the
wB97X-D calculation. The CP correction is not recommended
if the D3 method is used>' and was thus not performed for the
B97-D3 and B3LYP-D3 calculations.

The harmonic frequencies and vibrational zero point ener-
gies (VEEPS) of the monomers and complexes were calculated
with all three DFT methods at the same level as the optimized
structures. The dissociation energies Dy were then calculated
as Dy = D, — AZPE, using the change in vibrational zero-
point energies (AVZPEs), which is given by AVZPE = VZPE
(complex) — VZPE (INpOH) — VZPE (n-alkane).

lll. RESULTS
A. R2PI spectra of 1-naphthol-alkane complexes

The one-color resonant two-photon ionization spectra of
I-naphthol and of the n-alkane complexes from methane to
n-butane are shown in Fig. 1. The Sy — S electronic origins
of the complexes are shifted to a slightly lower wavenumber
than the 0) band of 1-naphthol, which is at 31 455.9 cm™'.
The spectral shifts 6% between the Sy — S; electronic ori-
gins of 1-naphthol and the 1-naphthol-S complexes are very
small, between 6% = —0.5 cm™! for n-butane and 69 = —14.6
cm~! for methane. Since the Sy — S, electronic excitation
of the complex is essentially localized on the INpOH chro-
mophore, the dissociation limits of the Sy and §; states lead
to So and S electronic states of the 1-naphthol moiety and to
the electronic ground state of the n-alkane moiety; see also
Fig. S1 of the supplementary material. Via a Born-Haber-type
thermodynamic cycle, one can show that the spectral shift cor-
responds to the difference of the ground- and excited-state
dissociation energies, 67 = Dy(So) — Do(S1).*6~*® Such small
spectral shifts (small changes of the dissociation energy) are
typical for Face complexes of nonpolar molecules.>>® The
low-frequency bands toward the high-energy (blue) side of
the R2PI spectra in Figs. 1(b)-1(e) are S| state intermolec-
ular vibrational fundamentals, overtones, and combination
bands.

All complexes were investigated by UV/UV holeburning.
For the complexes with S = methane, ethane, and propane, all
of the sharp bands in the respective R2PI spectra belong to the
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FIG. 1. One-color resonant-two-photon ionization spectra of (a)l-naphthol
and its complexes with (b) methane, (c) ethane, (d) propane, and (e) n-butane.
The butane spectrum consists of subspectra of three n-butane isomers (A, B,
and C), as shown in Fig. 3. The S; intermolecular vibronic excitations are
labeled with their vibrational energies; for assignments, see Sec. IV C.

same ground-state isomer. For the INpOH-propane complex,
we compare the R2PI spectrum in Fig. 2(a) to the UV/UV
holeburning spectrum in Fig. 2(b). Subtracting spectrum (b)
from spectrum (a) yields the unstructured spectrum shown in
Fig. 2(c), whose broad maximum is shifted to the red of the
08 band. We attribute this broad feature to a residual pop-
ulation of incompletely cooled 1NpOH-propane complexes.
The broad spectrum is the superposition of the hot-band tran-
sitions out of the excited (v"” > 0) ground-state vibrational
levels.

The R2PI spectrum of 1NpOH-n-butane is more complex
than those of the smaller alkanes; see Fig. 1(e). UV holeburn-
ing was employed at the two most intense bands marked A and
B (at 31 449.9 cm~! and 31 452.7 cm™!); see the downward-
pointing arrows in Fig. 3(a). The resulting UV/UV-holeburned
spectra are different and are shown in Figs. 3(b) and 3(c).
We thus assign these spectra to different isomers that we
denote “A” and “B,” correspondingly. After subtraction of the
UV-holeburned spectra of the A and B isomers from the total
R2PI spectrum, Fig. 3(a), several weak bands remain between
31460-31490 cm™!, which we assign to a higher-energy
isomer C. This isomer could not be usefully separated by
UV-holeburning since its 08 band overlaps with the more
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FIG. 2. R2PI and UV/UV-holeburning spectra of 1-naphthol-propane: (a)
one-color R2PI spectrum and (b) UV-holeburned spectrum showing that
all sharp bands belong to a single isomer. (¢) The remaining difference
spectrum.

intense vibronic band structure of isomers A and B. Because
of its low intensity, isomer C was not further investigated. To
the red side of the 08 band of isomer A, one again observes an
unstructured and broad feature; this is assigned to a residual
population of incompletely cooled complexes, as discussed
for the propane complex. The relative weakness of the broad

1NpOHebutane A% B
C
(a
3
©
= (b)
B
I3
S
(@)
W /\\W\WW
T T I T T T T I T T T T I T T T T I T T T T I
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-1
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FIG. 3. (a) Resonant two-photon ionization spectrum of 1-naphthol-butane
(the same as in Fig. 1). (b) UV/UV holeburned spectrum of isomer A (UV
holeburning laser at 31 449.9 cm", as indicated by the vertical arrow).
(c) UV/UV holeburning spectrum of isomer B (UV-holeburning laser at
31452.7 cm™!, indicated by the arrow). (d) Remaining spectrum after the
spectra of isomers A and B have been subtracted.
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features implies that the Edge — Face isomerization barriers
are low so that efficient relaxation to the more stable Face
isomers occurs.

B. Experimental dissociation energies

The ground state intermolecular dissociation energies
Dy(Sp) of the 1-naphthol-alkane complexes are bracketed
between two ground state (So) vibrational levels in the S| — Sy
spectra: The lower limit to Dy(So) is given by the highest-
energy Sy state level that does not vibrationally predissociate.
This level is observed via the highest-wavenumber S; — So
stimulated downward transition in a hot-band probed SEP-
R2PI spectrum; see Sec. II A. The upper limit to Dy is given
by the next higher energy vibrational level of the S state com-
plex that lies above the limit to vibrational predissociation
(VP). This level (and many higher-energy Sy state vibrational
levels above the Dy limit) is observable by spectroscopies
that operate on a 1-10 ns time scale (much) shorter than the
typical VP time scale. These are (1) dispersed fluorescence
spectroscopy, (2) “dump” spectroscopy, or (3) origin-probed
SEP-R2PI spectroscopy; these methods report on the Sy state
vibrational levels in a similar way. Which of these spectra
exhibits the highest signal/noise ratio depends on the S state
fluorescence quantum yield of the INpOH-S complex and on
the vibronic band intensities of the dump and origin-probed
SEP-R2PI spectra. The latter two reflect the efficiency of the
stimulated-emission process, which depends not only on the
optical vibronic band intensity (Franck-Condon factor, as for
the fluorescence emission) but also on the Sy-state intramolec-
ular vibrational redistribution (IVR) rate. The Sy IVR rates
may vary considerably depending on the target vibrational
level. Thus, while the vibronic band positions are identical
in all three spectra, the band intensities of the dump and hot-
band probed SEP spectra may differ substantially from those of
the fluorescence spectrum and from each other. In the follow-
ing, we will show the spectrum with the highest signal/noise
(S/N) ratio for comparison with the hot-band probed SEP-R2PI
spectrum. The Dy values in ground and S| electronic states are
collected in Table I.

1. 1-naphthol-propane

In Fig. 4(a), we show the hot-band-probed SEP-R2PI
spectrum of the propane complex, measured at the peak of a
broad feature 54 cm~! below the 08 band. The highest-energy
band in this spectrum is observed at 1390 cm™! relative to the
08 band. Figure 4(b) shows the dump spectrum, which also
exhibits a strong band at 1390 cm™!. The following band in
the dump spectrum at 1403 cm™! is not observed in trace (a),
so it represents the upper limit of Dy(Sp). We take the Dy(So)
of 1-naphthol-propane complex as the average of the two band
positions and the bracketing uncertainty to be half the differ-
ence of the wavenumbers of the two band. Thus, Dy(Sp) is
bracketed as 1397 + 7 cm™!. The true value may lie anywhere
in this range, with equal probability.

2. 1-naphthol-n-butane

The ground-state dissociation energies were measured
for both isomers A and B; the respective spectra are shown
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TABLE I. Experimental ground- and excited-state dissociation energies Dg (So) and Dg (S1) and spectral shifts
of the 0¥ bands 67 of the 1-naphthol-n-alkane complexes. The Dy may lie anywhere within the bracketed interval

with equal probability.

Do (So) Do (S1)
Admolecule S cm™! kJ/mol cm™! kJ/mol 67 em!
Methane 667 + 46 7.98 +0.55 682 + 46 8.15+0.5 -14.6
Ethane 1207 + 30 14.44 + 0.36 1207 + 30 14.43 + 0.36 -0.5
Propane 1397 +7 16.71 £ 0.08 1400 + 7 16.74 + 0.08 -3
n-butane, isom. A 1715+ 8 20.52 + 0.10 1721 £ 8 20.59 + 0.10 -6
n-butane, isom. B 1693.5 +4.5 20.26 + 0.05 1696.5 + 5 20.25 = 0.06 -3

4Spectral shift relative to the 08 band of trans-1-naphthol at 31 455.9 cm™!.

in Figs. 5 and 6. For isomer A, the highest-wavenumber
band in the hot-band-detected SEP spectrum is observed at
1707 cm™!, while the next higher band in the origin-detected
SEP spectrum at 1723 cm™!, (b), is not observed in Fig. 5(a),
nor are any of the following bands. The Dy(Sg) value for isomer
A is thus bracketed as Do(Sp) = 1715 + 8 cm ™.

The hot-band SEP spectrum of isomer B in Fig. 6(a) shows
a clear last band at 1689 cm™!. No higher-wavenumber bands
appear in Fig. 6(a), while the next higher band in Fig. 6(b)
at 1698 cm™! has no counterpart in Fig. 6(a). This brackets
the dissociation energy between 1689 and 1698 cm™!, giving
Do(So) = 1693.5 +4.5cm™ .

1390

1-Naphtholspropane

(a) Hot-Band SEP spectrum

Intensity, a.u.

(b) Dump spectrum

T T [ T T [T [ [ [ T it
1380 1400 1420 1440 1460

. -1
Relative Wavenumber, cm

FIG. 4. (a) Hot band (08—54 cm™ 1) probed SEP-R2PI spectrum of
INpOH -propane and (b) origin probed SEP-R2PI spectrum. The Dy(Sp) is
bracketed by the vertical red dashed lines at 1390 and 1403 cm~!. The hor-
izontal axis is the difference between the pump frequency at the 08 band

(314529 cm™!) and the dump laser.

3. 1-naphthol-methane

The hot-band SEP spectrum of INpOH-methane was
recorded at a feature 52 cm™! to the red of the 08 band and is
shown in Fig. 7(a). Since the R2PI spectrum of the methane
complex is shifted well to the red of that of 1-naphthol, the
INpOH-methane Sy — S electronic origin has no acciden-
tal overlap with the So — S; origin of bare INpOH, so the
former can be cleanly excited. Thus, the electronic S| — Sy
dispersed fluorescence spectrum of 1NpOH-methane excited
at the 08 band exhibits an excellent S/N ratio. It is larger than
that of the origin-detected SEP spectrum in the spectral range
of interest, so we show the former in Fig. 7(b). The highest-
wavenumber band in the hot-band SEP trace is at 879 cm™!
and the next higher energy band in the fluorescence spectrum
is at 926 cm™!, which would seem to set Dy(Sp) between 879
and 926 cm~!. However, the 713 and 879 cm~! bands in trace
(a) are five to ten times weaker than the respective bands in
trace (b). Conversely, the bands in trace (a) up to 621 cm™!
are between two and ten times stronger than the correspond-
ing bands in trace (b). In other words, the 713 and 879 cm™!
bands in the hot-band SEP spectrum are abnormally weak. We
therefore propose that the 713 and 879 cm™! bands in trace
(a) arise from vibrational levels that undergo VP with a longer

1-Naphthol*n-butane, isomer A

(a) Hot-Band SEP

Intensity, a.u.

1728 -~ —==—===-

(b) Origin SEP

T T e e e T
1640 1660 1680 1700 1720 1740 1760
Relative Wavenumber, cm™'

FIG. 5. (a) Hot band (08—61 cm™ 1) probed SEP-R2PI spectrum of isomer A
of INpOH -n-butane and (b) origin-probed SEP-R2PI spectrum. The Dy(S¢)
is bracketed by the vertical red dashed lines at 1707 and 1723 cm™!. The
horizontal axis is the difference between the pump frequency at the 08 band

(31 449.9 cm™!) and the dump laser.
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1-Naphthol+n-butane, isomer B

(a) Hot-Band SEP

---1689

Intensity, a.u.

1698 - - <T=------

(b) Origin SEP

L L I B I L L L R
1640 1660 1680 1700 1720 1740

. -1
Relative Wavenumber, cm

FIG. 6. (a) Hot band (08—63 cm™ 1) probed SEP-R2PI spectrum of isomer B
of INpOH n-butane and (b) origin-probed SEP-R2PI spectrum. The Dy (So)
is bracketed by the vertical red dashed lines at 1689 and 1698 cm™!. The
horizontal axis is the difference between the pump frequency at the 08 band

(31452.7 cm™!) and the dump laser.

lifetime than the 3 us delays utilized in this experiment. The
621 cm™! band then corresponds to the highest-energy vibra-
tion that is certainly below Dy, while the abnormally weak
713 cm™! level very probably lies above Dy(So) and sets the
upper limit to Dy(So). To allow detailed comparison, we show
expanded traces of the two spectra in Figs. 7(a) and 7(b). This
interpretation of the data implies that Dy(So) = 667 + 46 cm™!
for the 1-naphthol-methane complex.

4. 1-NpOH-ethane

Figure 8(a) shows the hot-band-detected SEP-R2PI spec-
trum of 1-naphthol-ethane. The signal was detected at a hot-
band feature 66 cm~! below the 08 band. This spectrum
closely mirrors the origin-probed SEP spectrum shown in
Fig. 8(b) up to the band at 1177 cm™!. Note that all bands
in Fig. 8(a) below 1177 cm™! have similar or larger inten-
sities compared to those in Fig. 8(b). We therefore propose
that the 1177 cm™! vibrational level corresponds to the lower
Do(Sp) limit. The following bands at 1192 cm~L, 1237 and
1281 cm™!, and further weak features in the 1335-1370 cm™!
region in trace (a) are above the noise but are considerably

J. Chem. Phys. 149, 034306 (2018)

1-Naphtholsmethane

572
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FIG. 7. (a) Hot-band probed SEP-R2PI spectrum and (b) dispersed flu-
orescence spectrum of 1NpOH-methane. The upper trace was probed at
08—66 cm™!. The horizontal axis is the difference between the pump laser

at the Og band (31 445.4 cm™!) and the dump laser wavenumber. Vertically
expanded traces (2x, 5x) are included in the critical region between 530 and
720 cm™!. We propose that the Dy(Sp) is bracketed by the two vertical red
dashed lines at 621 and 713 cm™!.

weaker than the corresponding bands in trace (b). Similar to
the methane complex discussed above, we propose that the
weak bands possibly starting at 1192 cm™! but certainly above
1237 cm™! in Fig. 8(a) arise from long-lived vibrational levels
that decay with a longer lifetime than the 3 us used in our
experiments; see Sec. III D. To be on the safe side, we propose
that the vibronic band at 1237 cm™! marks the upper limit for
Do(So).

C. Comparisons of experimental
dissociation energies

In Fig. 9, we plot the experimental Sy state dissocia-
tion energies of the 1-naphthol-n-alkane complexes vs. the
experimental average electronic polarizability @ of the respec-
tive n-alkane moieties.*” For comparison, we have included
the Dy(So) values of the noble-gas complexes with Ne, Ar,

1-Naphtholeethane

Intensity, a.u.

(a) Hot band SEP

(b) Origin SEP

FIG. 8. (a) Hot band (03—66 cm™!) probed SEP-
R2PI spectrum and (b) origin-probed SEP spectrum of
INpOH -ethane. We propose that the Dy(Sg) is brack-
eted by the vertical red dashed lines at 1177 and 1237
cm™1 , as described in the text. The horizontal axis is the
difference between the pump frequency at the 08 band

(31 445.4 cm™!) and the dump laser.
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FIG. 9. Experimental SEP-R2PI ground-state dissociation energies Dgy(Sg)
of the 1-naphthol-S complexes with S = n-alkane (labeled in bold font),
S = cycloalkane, and S = noble gas (labeled in red) plotted vs. the average
electronic polarizability @ of the adsorbate atom or molecule.

Kr, and Xe and of several cycloalkanes, all of which form
Face complexes.*®37 For the smaller solvents up to propane,
the experimental Dy(S) values correlate roughly linearly with
the average electronic polarizability @, but above propane, the
slope of the correlation decreases abruptly.

This plateau is not expected from the Eisenshitz-London
atom-atom model for dispersion, which predicts a continu-
ation of the quasi-linear trend. As discussed in Ref. 36 for
cyclopentane and cyclohexane, for larger S molecules, the
three-dimensional structure of the molecule becomes impor-
tant and dispersion interactions can no longer be reduced
to a single molecular parameter like polarizability. Instead,
the atoms of S which are in closest contact with the naph-
thol Face contribute much more to dispersive binding than
those which are further away. In the case of n-butane, for
example, Fig. 10 shows that four hydrogen atoms are point-
ing away from the naphthol and therefore add relatively little
to the binding energy. One end of the n-butane chain is also
hanging over the side of the naphthol in both structures. The
corresponding methyl group thus contributes less than the
methyl group which is in full contact with electron-rich ring.
As S molecules increase in size, dispersive interactions will
become geometrically limited by the possible contact surface
between S and naphthol. Another way in which molecules
deviate from the Eisenshitz-London model is that, except
for spherical-top molecules such as methane, the molecular
polarizability is a tensor. While the off diagonal elements of
the polarizability tensor are zero (or very close to zero), the
diagonal elements may differ strongly. For example, the frac-
tional polarizability anisotropies of the n-alkanes range from
aniso/@ = 10% for ethane to auuis0/@ = 25% for trans-n-
butane; for naphthalene, @ iso/@iso = 76% and is even larger
for 1-naphthol. Thus the average polarizability @ is not a well-
defined variable for gauging dispersive molecule-molecule
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(a) ;netha-ne_ _ (b).ethane
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Face A

FIG. 10. The B97-D3/def2-TZVPP optimized structures of the 1-naphthol
Face complexes with (a) methane, (b) ethane, (c) propane (Face 5 isomer), (d)
n-butane (most stable isomer Face C), and (e) n-butane (second most stable
isomer Face A). The C atoms of the alkanes are color-coded in black and those
of 1-naphthol are color-coded in gray.

interactions and should be viewed more as an ordering
parameter.

D. Calculated structures

We discuss the B97-D3 calculated structures, but note that
the BBLYP-D3 and wB97X-D calculated structures are similar.
Figure 10 shows the B97-D3 structures of the 1-naphthol Face
complexes with methane, ethane, propane, and the two most
stable isomers of the n-butane complex, denoted Face C and
Face A.

All DFT methods predict a single Face minimum for
the 1INpOH-methane and 1NpOH-ethane complexes. For
INpOH:-propane, they predict five different Face isomers and
one Edge structure. This Edge structure is shown in Fig. S3
of the supplementary material. The largest binding energy
(D, = —19.68 kJ/mol) was calculated for the Face 5 isomer;
the well depth of the Face 3 isomer is very close (D, = —19.47
kJ/mol) and the Face 1 and Face 2 isomers lie within 1 kJ/mol
of Face 3. The well depth of the propane Edge isomer is
D, =-12.67 kJ/mol, ~6 kJ/mol smaller than those of the Face
isomers.

Because of this much smaller binding energy, and since
no sharp vibronic bands of Edge isomers were experimen-
tally observed, we did not optimize any Edge structures
for the n-butane complex. The calculations predict five dif-
ferent Face minima with n-butane in its frans conforma-
tion and eight Face isomers with the n-butane moiety in its
higher-energy gauche rotamer. As might be expected, the
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trans-rotamer complexes are more strongly bound than the
gauche-rotamers. The two most stable trans-rotamer com-
plexes are close in binding energy, frans Face A with
D, = -24.10 kJ/mol and trans Face C with D, = —23.90
kJ/mol. Four of the trans rotamer Face structures (Face A—
Face D) have larger D,s than the most stable gauche rotamer
cis-is0-T2 (D, = =20.60 kJ/mol).

The Cartesian coordinates of the ground states of all com-
plexes as well as the corresponding monomers optimized with
B97-D3/def2-TZVPP are given in Tables S1-S14 of the sup-
plementary material). The calculated Face isomer structures
of the INpOH-cycloalkane complexes that are also discussed
below have been previously reported.>

Figure 10(a) shows that the CH4 moiety in the com-
plex sits closely above the center of the naphthalene ring
but shifted slightly toward the OH group. This structure is
similar to those of INpOH-Kr and 1NpOH-Xe complexes.?’
Figure 10(b) shows that the long axis of the ethane moiety is
oriented along the naphthalene long axis, with two H atoms
on neighboring carbon atoms pointing down toward the cen-
ters of the aromatic rings. Figures 10(c)-10(e) shows that
the long axes of the propane and n-butane moieties are ori-
ented diagonally with respect to the naphthalene substrate.
This orientation allows two of the H atoms on neighboring
C atoms to point down into the centers of the benzene rings.
In complexes of naphthalene, there would be two degenerate
diagonal Face orientations for propane and the two n-butane
isomers; since the 1-naphthol substrate favors the admolecule
orientations shown in Figs. 10(c)-10(e), we conclude that the
alkane chains are maximizing the dispersive interactions of
one of their terminal methyl groups with the OH group of
the substrate. A further reason why this diagonal is favored
may be the electrostatic naphthol-dipole < alkane-quadrupole
interaction.

In reality, the CHs moiety in the 1NpOH-methane
complex is not rigid, as Fig. 10(a) implies. The translation-
rotational-vibrational cooling of the CHy4 during the super-
sonic expansion is essentially complete within ~30 mm from
the nozzle exit, i.e., within ~30 us. This is 10°-10° times
faster than typical gas-phase nuclear-spin relaxation rates.
Thus, the room-temperature ortho, para, and meta nuclear-
spin states of methane do not interconvert but remain at the
high-temperature relative ratios. Because of restrictions on
the nuclear-spin plus rotational state symmetry, jet-cooled
CH4 can only cool to the lowest three rotational states
(J =0, 1, 2) with total statistical weights of 5 (J = 0),
9(J =1),and 10 (J = 2).°° Consequently, the INpOH-methane
complexes are formed as three nuclear-spin isomers.’%>2
For the structurally related 1-fluoronaphthalene-CH4 and
2-fluoronaphthalene-CH4 complexes, Champagne et al. have
found that the 08 and higher vibronic bands of the complex
are split by about 0.9 and 0.25 cm™! into three sub-bands with
an intensity ratio of 1:2:2, reflecting the J = 0, 1, 2 internal-
rotation levels of the ortho, para, and meta nuclear-spin states
of the CH,; admolecule.®® They also performed extensive
model calculations of the internal-rotation level structure of
fluoronaphthalene-CH4 complexes and concluded that the CHy4
moiety exhibits virtually free rotation about two of its axes,
only the “top to bottom” rotation being slightly hindered.*°
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We thus expect the 1-naphthol-CH4 complex to exist as an
approximate 1:2:2 mixture of ortho, para, and meta nuclear-
spin isomers. The orientation of the rotational axes in the
J =0, 1,and 2 levels is expected to be nearly isotropic. Since we
did not observe any sub-band structure in the R2PI spectrum,
see Fig. 1(b), the J = 0/1/2 splittings must be smaller than
the ~5 cm™! FWHM of the origin band of 1-naphthol-CHy;
thus we could not perform nuclear-spin resolved Dy
determinations.

A similar situation arises for INpOH-ethane, since the
ethane moiety exhibits essentially free rotation around its long
axis as well as internal-rotation around the C—C bond, while
adsorbed on the naphthol substrate. Ethane has six nuclear-
spin/rotational species which cannot interconvert on the exper-
imental time scale. Wilson has shown that these six species
divide into two sets; the relative population of these sets only
begins to change at temperatures below 90 K. While hin-
dered internal rotation of the methyl groups also takes place in
propane and n-butane, rotation of the admolecule themselves
is strongly hindered.

IV. DISCUSSION

A. Structures of the 1-naphthol-n-alkane
complexes and spectral shifts

The spectral shift of the So — §; origin band, 67, has
been found to be an indicator of the binding topology of
INpOH intermolecular complexes. In the dispersively bound
INpOH-S complexes where S is a noble-gas or N», the atoms
or the N, molecule is adsorbed to the Face of the naphthol
aromatic system and the spectral shifts are small, between
67 = =2 cm™! for S = Ne and —35 cm™! for S = Xe.?7-?
Similarly, the Face isomer of 1NpOH-cyclopropane exhibits
a small spectral blue shift of 6% = +2 cm~ 1,338 for
INpOH-cyclohexane 6% = —1.7 cm™!, and for the cyclohep-
tane complex isomers A and B the shifts are 67 = —38.5
and —32.9 cm™!, close to that of the Xe complex.?>38 If the
admolecule is H-bonded to the —OH group of 1-naphthol OH
group, as in the H,O, CH30H, and NH3 complexes, the spec-
tral red shifts are much larger, being 67 = —145, —158, and
—236 cm™!, respectively,*3-** and the H-bonded Edge isomer
of INpOH-cyclopropane has a redshift of 67 = =72 cm™!.%
The spectral shifts of the INpOH-n-alkane complexes inves-
tigated here range from 67 = —3 cm™! for S = propane and
n-butane (isomer B) to 67 = —14.6 cm™! for the CH4, which
implies that they are Face complexes, see Table 1.

B. Long-lived metastable vibrational levels

Out of about 30 complexes of carbazole and 1-naphthol
that have been investigated by the SEP-R2PI method, 33338
only the methane and ethane complexes do not exhibit clear
thresholds or breaking-off points in their hot-band SEP spec-
tra, as seen in Figs. 7 and 8. We believe this is a conse-
quence of essentially unhindered internal rotations of these
two complexes, giving rise to a high density of internal-rotation
states.

The SEP-R2PI method relies on IVR occurring from
the dumped Sy vibrational level of the complex into the
intermolecular vibrations that lead to VP of the complex.
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These include the three translational-type vibrations, each
of which leads to dissociation in the limit of large ampli-
tude, as well as the hindered intermolecular rotational-type
modes, i.e., rotational-type vibrations that couple strongly to
the translational vibrations. Above the dissociation limit, all
the available internal energy E.. must momentarily pool in
one of dissociative coordinates for VP to occur. However,
in the methane and ethane complexes, IVR also deposits
energy in rotational-type vibrations that are weakly cou-
pled to the translational-type modes, leading to slow disso-
ciation. Such modes are the rotation of CHy on the naph-
thalene surface, the rotation of the ethane parallel to the
naphthalene surface, and internal rotation within the ethane
moiety.

Since the first non-zero electrostatic moment of CHy4 is
the octupole moment, internal rotation couples weakly to dis-
sociative (translational) motion and VP becomes much slower
than for other complexes. If the time scale for VP therefore
increases to the microsecond range, metastable population
above the true Dy is detected in the SEP-R2PI experiment,
albeit with reduced intensity. With increasing excess energy
above Dy(Sp), VP can occur with the CH4 moiety in excited
rotational states, leading to faster VP, so the SEP peaks become
smaller.

The rotational constant of CHy is By = 5.24 cm™!.
If the rotation on the naphthalene surface were unhin-
dered, the internal-rotation energy levels would be given by
Eint—ror 3p =Bo-J(J +1). Given the Dy = 667 + 46 cm™! dis-
sociation energy of 1NpOH-methane, internal-rotation lev-
els of INpOH:methane up J = 10-11 lie below above
the dissociation limit. The high rotational level degeneracy
g7 = (2J + 1)(2J + 1) of spherical-top molecules gives rise
to a large density of internal-rotation states which can store a
large fraction of the Sy state internal energy without leading
to VP.

As outlined above for INpOH-methane, the intermolec-
ular potential D, depends only weakly on J, and in the
limit of free internal rotation, the potential energy curves
of the / = 1 and 2 internal-rotation states are expected to
vertically offset by 2By = 10.48 cm~! and 6By = 31.4 cm™!
relative to the J = O potential energy surface. Interconver-
sion between the lowest J = 0, 1, 2 internal-rotation states
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cannot occur due to nuclear-spin restriction. Thus, the pump
and dump steps are J-conserving. However, after the dump
step, IVR involving AJ = 3, 6, ... can occur. For example,
1-naphthol-CH4 complexes that start in J = 0 and that are
dumped into high S vibrational levels close to Dy can relax
by IVR into internal-rotation levels with J >= 3.

The rotational constant of ethane around its long axis
is Ag = 2.52 cm™!. Long-axis rotation of the ethane moiety
on the naphthalene is expected to be essentially free. We can
approximate the vibrational level structure of this rotation-type
intermolecular vibration as an unhindered 1D rotor, Ejy;— 01,10
= Ao'lz, with internal-rotation quantum number [ = 0, +1,
42, .... Given the Dy = 1207 + 30 cm™! dissociation energy
of INpOH-ethane, one sees that internal-rotation levels can be
populated up to about / = +21. In addition, the intramolecular
internal rotation within ethane can also take place; there are 12
internal-rotation levels below Dy which also couple poorly to
dissociation. This leads to a similar situation as for the methane
complex; VP is slowed to a time scale that allows some of
the dumped population to be detected above the dissociation
threshold.

C. Comparison of calculated and experimental
dissociation energies

Table II gives the Dy values of the 1-naphthol-n-alkane
complexes calculated using the three dispersion-corrected
DFT methods discussed in Sec. II B; they are derived from the
calculated intermolecular binding energies D, and the calcu-
lated changes of the harmonic vibrational zero-point energies
(AVZPEs) as Dy = D, — AVZPE and are compared to the
experimental Dy(So) values. We also compare the experimen-
tal Dy values to the calculated ones in Fig. 11. For S = propane,
we compare to the most stable Face 5 isomer, and for n-butane
A and B, we compare to the two most stable isomers denoted
as trans Face C and trans Face C; both of these involve the
more stable trans-rotamer of n-butane.

Perhaps the most important aspect of Table II is that
the intermolecular dispersion energy at the minimum-energy
geometries of all the Face complexes, as estimated by the D3
correction, is calculated to be stabilizing and much larger than
the Dy. In other words, none of the Face complexes would

TABLE II. Experimental and calculated Sy state dissociation energies Dy, binding energies D,, and vibrational zero-point energy differences AVZPE (in kJ/mol)
of the 1-naphthol-n-alkane Face complexes. Calculations were done with the DFT methods B97-D3, B3LYP-D3, and wB97X-D. The last column gives the D3

intermolecular dispersion energies at the B97-D3 optimized structures.

B97-D3 B3LYP-D3 wB97X-D

Complex Experimental Dy (D, — AVZPE) Dy (D, — AVZPE) Dy (D, — AVZPE) D3 dispersion energy
Methane 7.98 £0.55 6.78 (9.38 - 2.62) 7.31 (9.96 - 2.65) 7.58 (11.79 - 4.21) 19.76

Ethane 14.44 + 0.36 12.11 (15.20 - 3.09) 12.65 (15.74 - 3.09) 14.16 (17.93 - 3.78) 29.53
Propane?® 16.71 £ 0.08 16.27 (19.68 —3.41) 17.46 (20.74 —3.28) 19.83 (23.33 - 3.50) 38.71
n-butane A 20.52 £ 0.10 20.15 (23.90 - 3.76)° 21.40 (25.27 -3.87)¢ 24.84 (28.56 — 3.72)° 46.33
n-butane B 20.26 + 0.05 20.07 (24.10 — 4.03)¢ 21.33 (24.96 - 3.63)° 24.50 (28.31 —3.48)° 46.85

MAD¢ 0.91 1.14 2.47

4Calculated values for the most stable Face 5 isomer.
bCalculated values for the frans Face C isomer.
€Calculated values for the trans Face A isomer.

dMean absolute deviation between the five calculated and experimental values (kJ/mol).
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FIG. 11. Experimental and calculated SEP-R2PI ground-state dissociation
energies Do(Sp) of the 1-naphthol-n-alkane complexes reported in this work
(labeled in bold font) and in Ref. 35 with S = cycloalkane plotted vs. the
average electronic polarizability @ of the adsorbate molecule. The calculated
values are horizontally offset for clarity.

be bound without the D3 dispersion correction to the density
functionals.

Considering the results in detail, and starting with the
1-naphthol-CH4 complex, one sees that the B97-D3 Dy value
is 15% smaller than the experimental Dy and lies outside the
experimental brackets. The B3LYP-D3 and wB97X-D Dy val-
ues are 8% and 5% smaller than the experimental Dy, both
within the experimental brackets. For the ethane complex, the
B97-D3 and B3LYP-D3 Dy values are 16% and 12% smaller
than the experimental Dy and are 1.9 and 1.4 kJ/mol outside
the (much narrower) experimental brackets, respectively. Sim-
ilar to the methane complex, the wB97X-D Dy is only 2%
smaller than the experimental Dy and lies within the exper-
imental brackets. For the 1NpOH:-propane complex and the
two isomers of the butane complex, the agreement between
calculations and experiment is reversed: Now the B97-D3 and
B3LYP-D3 values are in very good agreement, the B97-D3
predictions being about 3% below experiment and the B3LYP-
D3 Dy values being 4%-5% larger than experiment. Here, the
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wB97X-D Dy values are 19%-21% larger than experiment.
Overall, the B97-D3 D values exhibit the smallest mean abso-
lute deviation relative to experiment of mean absolute differ-
ence (MAD) =0.91 kJ/mol, followed by the by the B3LYP-D3
method with MAD = 1.14 kJ/mol and the wB97X-D method
with MAD = 2.47 kJ/mol.

When comparing the B97-D3, B3LYP-D3, and wB97X-D
calculated Dy values to those of experiment, the D, and AVZPE
values must be considered separately, since “good” Dy values
may fortuitously arise due to error compensation. Columns
3-5 of Table II show the binding energies D, and vibrational
zero-point energy changes AVZPE values in parentheses. In
general, the B97-D3 and B3LYP-D3 binding energies are
similar, the B3LYP-D3 values being about 5% or 0.5-1.4
kJ/mol larger. By contrast, the wB97X-D D, values are about
20% (between 2.4 and 4.6 kJ/mol) larger than the B97-D3
values.

The AVZPE values calculated with the different methods
are within 0.6 kJ/mol of each other, with the exception of the
wBI97X-D value for the CH4 complex, which is 1.6 kJ/mol
larger than with B97-D3 and B3LYP-D3. Table II shows that
AVZPE is 27%-35% of D, for the methane complex, decreas-
ing to 20%-27% of D, for ethane and to 15%-17% of D, for the
propane and n-butane A and B complexes. Thus, the AVZPE
corrections substantially influence the Dy values.

This finding is similar to the 1-naphthol-N, complex, for
which the AVZPE is 21% of D,.” By contrast, for the 1-
naphthol-S noble-gas complexes (S = Ne—Xe), the AVZPE
contributions are between 7% and 12% of the D,.>” This dif-
ference arises mainly from the smaller number of intermolec-
ular vibrations for the noble-gas complexes (three), while
the admolecule complexes have five or six intermolecular
vibrations.

Table III shows that the intermolecular VZPE contributes
60%-90% to the total AVZPE. The second contribution to
AVZPE arises from the changes of the intramolecular vibra-
tional frequencies of the 1-naphthol and r-alkane moieties
upon complex formation, A (intra), which exhibits a posi-
tive sign. This is a consequence of the slight compression
of both complex partners by the dispersive intermolecular
interaction which, on average, increases the intramolecular
frequencies. These frequency changes are calculated to be
quite small individually, typically between —6 and +10 cm™".
For the CH4 complex, Table III shows that the sum of these

TABLE III. Experimental and B97-D3 calculated intermolecular fundamental frequencies and changes of the vibrational zero-point energies AVZPE (in cm™!)
of the 1-naphthol-n-alkane Face complexes with S = methane, ethane, propane, and n-butane (isomers A and B).

Experimental fregs.

B97-D3 harmonic fregs. AVZPE (B97-D3 calc.)

Admolecule Vx Vy vz Vit Viot2  Vror3 1% vy vz Viot4  Viot2 Vo3 Inter (%) Aintra (%)  Total
Methane 16.2 324 527 721 - e 222 328 539 730 88.3 122.1 196(90) 23(10) 219
Ethane 18.5 27.4/302 40.8 742 84.0 103.0 354 394 486 709 87.5 109.5 196(77) 59(23) 255
Propane? 19.4 304 583 794 - 1204 237 470 528 736 88.0 1189 202(71) 82(29) 284
n-butane A®  17.6 345 60.1 e 94 e 24.1 448 509 716 854 116.0 196(62) 118(38) 314
n-butane B¢ 19.8 38 61.2 335 463 525 746 88.8 120.3 209(62) 129(38) 337

2Calculated values for the most stable Face 5 isomer.
bCalculated values for the frans Face C isomer.
€Calculated values for the trans Face A isomer.
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contributions is +23 cm™!, about 10% of the total AVZPE.
However, these contributions increase rapidly with increas-
ing size of the admolecule, being +118 and +129 cm™! for
n-butane A and B complexes, corresponding to 38% of D,.

The DFT-D calculated intermolecular vibrational
frequencies, and to some extent also the AVZPE values,
can be compared to experiment. The R2PI spectra of the
INpOH:-n-alkane complexes in Fig. 1 exhibit fundamental
excitations of the translational-type intermolecular vibrations
Vx, ¥y, and ¥z and in some cases also distinct fundamentals of
the rotational-type intermolecular vibrations ¥,y,1, V2, and
Vo1 3- (Since the excited-state dissociation energies are essen-
tially unchanged from the ground-state Dys, we expect that
the S; state intermolecular vibrations differ little from their Sg
state counterparts, which were not measured.) Table III com-
pares the B97-D3 calculated (harmonic) to the experimental
S state intermolecular frequencies, showing that many differ
by only a few cm™!, the largest differences being 15 cm™!
(0.1-0.2 kJ/mol). One also sees that the experimental
wavenumbers tend to be lower than the calculated ones, the
¥z wavenumbers of propane and butane being exceptions.

Judging from the B97-D3 calculated values in Table III,
60%-75% of the intermolecular VZPE of the INpOH-n-alkane
complexes arises from the three rotational-type intermolecular
vibrations. The R2PI spectra yields less information on these
fundamentals, since the electronic excitation of the 1-naphthol
moiety couples weakly to the rotational-type intermolecular
coordinates, resulting in low Franck-Condon factors for these
modes. Nevertheless, the R2PI spectra of 1NpOH-ethane,
INpOH-propane, and 1NpOH:n-butane in Figs. 1(c)-1(e)
exhibit several weak 7,,; fundamentals. Comparison to the
B97-D3 calculated values reveals astonishingly good agree-
ment. For the INpOH-ethane complex, we observe all six
intermolecular vibrations; if our vibrational assignments are
correct, the sum of the vibrational frequencies is 351 cm™!.
This compares favorably with the B97-D3 harmonically cal-
culated 392 cm™!, indicating that the anharmonic experimental
intermolecular frequencies are ~10% lower than the harmonic
calculated values.

In Fig. 12, we plot the B97-D3 def2-TZVPP calculated
vibrational zero-point energies of the INpOH complexes with
the n-alkanes and with the previously studied cycloalkanes®®
vs. the mass of S. As might be expected, the change of the
intramolecular ZPVE (red bars) increases with the number
of intramolecular vibrations of S and hence with the num-
ber of atoms in S and approximately with the mass of S. The
intermolecular ZPVE (blue bars) first shows a small increase
with mass of S, decreasing for masses larger than propane.
The sum of the inter- and intramolecular trends leads to a
peak in the total AVZPE at propane. The large AVZPE of the
cyclopentane complex is an exception; it reflects the increase
of the pseudorotational intramolecular vibrational frequency
from 3 cm™! in bare cyclopentane to 100 cm™! in the INpOH
complex. Overall, the success of the dispersion-corrected DFT
calculations depends both on the quality of the D, prediction
and on the accuracy of the calculated inter- and intramolecular
frequencies.

We specifically note the following: (1) For the n-alkane
and cycloalkane complexes, the six intermolecular vibrations
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contribute the largest share to AVZPE. (2) This contribution
is largest for the lightest admolecule methane, where it pre-
dicted to be 26%-37% of the well depth D,. (3) The VZPE
contributions from the experimentally measured translational
intermolecular vibrations agree well with the B97-D3 and
B3LYP-D3 calculated ones. (4) The VZPE contributions from
the rotational-type vibrations could only be experimentally
studied for S = methane, ethane, and propane; the differences
with respect to the calculations are variable and need to be care-
fully monitored in the future. (5) Similar to the INpOH-N,
complex,’” substantial errors of the harmonic VZPE treat-
ment might arise for the internal-rotation-type intermolecular
modes of the methane complexes. We expect improvements
of the calculated AVZPE contributions from more accurate
anharmonic treatments of the rotational-type intermolecular
vibrations.

The latter findings are similar to those previously noted
for small hydrogen-bonded dimers, such as (H,O),, (NH3),,
(HF),, or (HCl),, where the AVZPE amounts to 25%-40%
of the D, and where the theoretical determination of Dy cru-
cially depends on the anharmonic treatment of VZPE and of
AVZPE>*

D. Comparison to dissociation energies
of benzene-n-alkanes

Fujii et al. have investigated the dissociation energies
of Bz-S complexes with S = methane, ethane, propane,
n-butane, iso-butane, and cyclohexane.’*** Comparing their
set of Dy(Sp) with the current set allows us to investigate the
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influence of the chromophore molecule (which we denote as
M) on the dissociation energy.

Fujii et al. derived the Dy of the neutral complex via an
energy cycle involving the ionization potential (IP) energy of
Bz, the IP of Bz-S, and the appearance potential (AP) of the
Bz* fragment ion that is formed when ionizing the Bz-S com-
plex sufficiently high above its IP to leads to fragmentation.
This gives Do(So; neutral) = Dy(Bz*-S) + IP(Bz-S) — IP(Bz).
The APs for benzene-methane and benzene-dg-methane were
measured with the two-color mass-analyzed threshold ioniza-
tion (MATI) technique.’® For the Bz-S complexes with S =
ethane and larger, the APs were measured as the ion current
onsets in the benzene* fragment ion channel. The experimental
values were compared to CCSD(T) calculations of the neutral
benzene-S dissociation energies, which agree well with the
measured values.?*

These three measurements, IP of Bz, IP of the Bz-S com-
plex, and the corresponding AP, involve errors that increase in
that order, although the size of the errors of the two IP measure-
ments were not mentioned in Refs. 39 and 40. We also note that
this method assumes that the adiabatic IPs of the Bz-S com-
plexes are measurable. However, if the geometry of the Bz-S
and Bz*-S complexes are sufficiently different, the Franck-
Condon factors for neutral — ion transitions at the adiabatic
IP will be very small, the onset of the ion current will be very
gradual, and the adiabatic IP may not be measurable. Since the
additional ion — induced-dipole interaction between the Bz*
ion and the S moiety both increases the Dy and changes the
geometry of the complex ion relative to the neutral complex,
it is possible that the adiabatic [P may become inaccessible by
photoionization.

Despite these caveats, it is instructive to compare the
Do(Sp) values of these benzene-S complexes with those of
similar 1-naphthol complexes. In Fig. 13(a), we plot the exper-
imental values against the average electronic polarizability @
of the admolecules. The dissociation energies of the benzene
complexes exhibit a similar pattern as discussed in Sec. III C
for the INpOH complexes, with an initial roughly linear
increase with the polarizability up to S = ethane, followed
by a slower rise and a nearly flat plateau up to cyclohex-
ane. The similarity of the two patterns becomes even clearer
in Fig. 13(b), in which we normalized the Dy values by
the average polarizability of the chromophore molecule M.
The normalized Dy values of the two sets of complexes are
seen to coincide within the (larger) error bars of the ben-
zene complexes. This plot implies that the intermolecular
binding energies of these two sets of complexes are approxi-
mately proportional to the polarizability ;. This is interesting
since a similar proportionality is not found for the solvent
molecules. However, an important characteristic of both ben-
zene and 1-naphthol is that they are planar. This means that
the three-dimensional effects which were found to be essential
for understanding the solvent series are not operative for
the substrate molecules. A different, nonplanar, choice of M
would presumably not result in such a close correlation as in
Fig. 13(b).

We also investigated how well the Eisenshitz-London
equation’? applies to these two data sets. As noted above, this
was derived for interacting atoms, not molecules. It expresses
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the Dy values normalized by the average polarizability of the chromophore,
aM).

the dispersive binding energy as the product of the polariz-
abilities, a4-ap, multiplied with the geometric mean of the
IPs of the two atoms, (IP4-IPg)/(IP4 + IPg). However, while
the lower part of this plot (Fig. S2 of the supplementary mate-
rial) is approximately linear up to benzene-propane, thereafter
the two sets of Dy values diverge much more than in Fig. 13(b).
The IP factor is evidently the less accurate part of the equa-
tion, not the polarizability product. The IP factor arises as
an atomic approximation to the frequency dependence of the
polarizability and assumes there is only one absorption band
in the atomic spectrum. Clearly these approximations are not
appropriate for molecular complexes, especially the aromatic
substrates benzene and 1-naphthol.

V. CONCLUSIONS

We determined accurate intermolecular dissociation ener-
gies Dy for the 1-naphthol-S complexes with S = methane,
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ethane, propane, and n-butane (two isomers) using the
stimulated-emission pumping resonant two-photon ionization
(SEP-R2PI) method. The ground-state dissociation energies
Dy(Sp) were bracketed within +0.55 kJ/mol for S = methane, +
0.36 kJ/mol for the ethane complex, and within +0.1 kJ/mol for
propane and n-butane (both isomers). The dissociation ener-
gies Dy in the S excited state change very little relative to the
So state: by 2% for the methane complex and by <0.35% for
the ethane, propane, and n-butane complexes.

The small spectral shifts of the 1-naphthol-n-alkane indi-
cate that these form dispersively bound Face structures, similar
to the complexes of 1-naphthol with the cycloalkanes and
the noble gases.>>>’ The only spectroscopic indications of
possible Edge isomers are broad and weak spectral tails on
the low-wavenumber side of the intense 08 bands. UV/UV-
holeburning spectroscopy allowed separation of these tails
from the narrow and intense bands of the Face isomers. We
propose that the tails arise from incompletely cooled Edge
isomers.

The Dy(Sp) values of the n-alkane complexes increase
monotonically with increasing average electronic polariz-
ability @ of the mn-alkane, in qualitative, but not quantita-
tive, agreement with the Eisenshitz-London model for dis-
persive interactions.'> Combining the SEP-R2PI dissociation
energies of the n-alkane complexes with those of the previ-
ously measured dispersively bound noble-gas complexes with
S = Ar, Kr, and Xe?” and cycloalkane Face isomers®>-* gives
a set of 1-naphthol-S complexes with dissociation energies
ranging from Dy = 480 to 1800 cm™!. Plotting the Dy values
against the average electronic polarizability @ that ranges from
1.6 to 13 A3 reveals a reasonably linear correlation with @ up
to about 5 A3. For solvent molecules with larger @, the correla-
tion becomes sublinear and seems to saturate with increasing
a. This saturation can be attributed to the differentially smaller
increase of the dispersive interaction as the adsorbate molecule
covers or extends beyond the periphery of the 1-naphthol
molecule. We also note that the Eisenshitz-London model was
designed to model the dispersive interactions between two
atoms and the correlation with the average electronic polar-
izability @ is not well-defined for large anisotropic molecules
such as the n-alkanes and cycloalkanes.

We have calculated the structures, binding energies D,,
vibrational frequencies, and changes of vibrational zero-point
energy (AVZPE) of the 1-naphthol-n-alkane complexes using
the three dispersion-corrected density functional methods
B97-D3, B3LYP-D3, and wB97X-D. For the methane and
ethane complexes, a single Face isomer was found and no
Edge isomer could be optimized. For the propane complex,
all DFT-D methods predicted five Face isomers; all of these
are much more stable than the single Edge isomer. For this
reason, no Edge isomers of the n-butane were investigated.
The trans-butane complexes are calculated to exist in (at least)
13 isomers. Our comparisons of theory and experiment refer
to the Dy values of the most stable isomers.

We compared the Dy values calculated by the three DFT
methods for the 1-naphthol-n-alkane complexes: The B97-D3
method reproduced the experimental D values for S = propane
and the two n-butane complexes with a mean absolute dif-
ference (MAD) of 0.33 kJ/mol and a maximum difference
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of 0.44 kJ/mol (for propane). This good predictive perfor-
mance was previously noted for the cycloalkane complexes.>®
However, for S = methane and ethane, the best agreement of
calculated and experimental Dy is observed for the wB97X-D
method, both of which lie within the experimental Dy
brackets, while the B97-D3 and B3LYP-D3 dissociation ener-
gies are 15-16 and 8%-12% smaller than the experimental
values. Note that if the DFT-D calculations do not predict the
correct ordering of the propane and n-butane complexes, then
the experimentally most stable isomer/s formed in the super-
sonic jet is/are not the same as calculated, implying that the
agreement is less good.

As shown in the last column of Table II, the D3 dispersion
energy at the minimum-energy Face geometries is calculated
to be stabilizing and typically much larger than the Dy. In fact,
none of the n-alkane Face isomers would be bound without
the D3 corrections to the density functionals.

The VZPE contribution to Dy and the AVZPE correc-
tion were examined experimentally and theoretically. In con-
trast to the noble-gas complexes, for which the calculated
intermolecular VZPEs are only 4%-11% of the binding energy
D,, the contribution from intermolecular VZPE is much larger
if S is a molecule, because of the three additional rotation-type
intermolecular vibrations. For the n-alkane complexes, the cal-
culated intermolecular VZPEs are 18%-37% of the calculated
intermolecular well depth D,. All three translation-type and
several rotational-type S state intermolecular vibrations were
experimentally observed. For the propane complex, all six
intermolecular S| state vibrations were identified, allowing
detailed comparison to calculation. The anharmonic experi-
mental frequencies are ~7% smaller than the harmonic calcu-
lated B97-D3 frequencies. In this case, the harmonic B97-D3
calculation overestimates the intermolecular VZPE by about
15 cm™! or 0.16 kJ/mol.

Together with the Dy values of other previously mea-
sured intermolecular complexes,'>> the Dy values of these
I-naphthol-n-alkane complexes can serve as benchmarks for
testing both highly correlated ab initio calculations and density
functional methods, as well as for improving the understanding
and modeling of intermolecular interactions.

SUPPLEMENTARY MATERIAL

See supplementary material for tables of Cartesian coor-
dinates of the 1-naphthol-n-alkane complexes optimized by
the DFT methods (Tables S1-S14).
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