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Dipole-bound states (DBSs) are diffuse non-valence molecular
orbitals of anions where the electron is bound by the permanent
dipole moment of the neutral core. Here, an experimental study of the
stability of such orbitals under the influence of a perturbing molecular
alkyl chain is presented. Photodetachment action and photoelectron
imaging spectroscopy of five para-substituted phenolate anions with
progressively longer alkyl chains show that the DBS survives in all
cases, suggesting that the perturbation of the orbital is not critical to
the existence of the DBS.

First described by Fermi and Teller in 1947," a dipole-bound
state (DBS) is a non-valence electronic state of an anion in
which the electron is bound by the permanent dipole moment
of a neutral molecule, typically in excess of 2.5 D.>”* Because of
the weak non-valence interaction, the DBS orbital is a highly
diffuse atomic-like orbital, akin to a Rydberg state in a neutral
molecule.” The DBS can be the ground state or an excited state
of the anion. In addition to being a scientific curiosity, non-
valence anionic states have been implicated as ‘“door-way”
states to electron attachment®"' and are involved in excited
state dynamics of anions.”'*>™"” These studies have focussed
exclusively on isolated anions as it is generally accepted that a
DBS cannot survive in the condensed phase because of the
excluded volume imposed by the surrounding molecules. Yet,
to the best of our knowledge, there have been no experiments
aimed at testing this accepted belief. Here, we probe the effect
of an excluded volume imposed by an alkyl chain on the
stability of a DBS and show that the DBS remains observable.
The spectroscopic observation of DBSs can be achieved
through action and photoelectron (PE) spectroscopy. Early
experiments by Brauman and colleagues uncovered their presence
in photodetachment yield spectra,'®'® and such features have been
seen in many other action spectra®®>* and in PE spectra.*'**°
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More recently, Wang and co-workers have elegantly exploited
resonant excitation to a DBS as a sensitive probe of the vibrational
structure of the corresponding neutral, using both action and PE
spectroscopy.®® A DBS can also be accessed by Rydberg electron-
transfer spectroscopy, which has been extensively used to probe
their role in electron attachment dynamics.”**” While many experi-
ments have assessed the effect of the overall permanent dipole
moment and of rotational motion"***** of the neutral core on the
binding energy of the DBS, there have been far fewer studies on the
interaction of a DBS with molecular fragments. A recent study by
Zhu et al.** showed how a small overlap between a valence system
and a DBS can lead to non-radiative decay of the DBS.

Here we address how a ‘“non-interacting” molecular frag-
ment alters the binding of a DBS. Specifically, our test model
uses para-substituted phenolates in which an alkyl chain of
varying length can “poke” into the DBS orbital to a variable
extent, as shown schematically in Fig. 1. As the saturated alkyl
chain has no dipole moment of its own (see ESIt for calculated
comparison), it can be viewed as non-interacting with the DBS,
except through the excluded volume that the chain will impose
on the orbital. The phenolate anion (C¢Hs0 ) was selected as it
is known to support an excited DBS and because it has been
extensively studied the Wang group.***>

Fig.1 Picture of dipole-bound state (DBS) of para-substituted alkyl-
phenolate with varying chain length, n-ph™.
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The details of the experiment have been described previously.*
Phenol (ph), 4-ethylphenol (2-ph), 4-propylphenol (3-ph), 4-pentyl-
phenol (5-ph) and 4-octylphenol (8-ph) were purchased from Sigma
Aldrich and 4-butylphenol (4-ph) from Tokyo Chemical Industry.
The para-substituted phenolate anions, n-ph™, were produced by
deprotonation of their methanolic solution (~1 mM) through
electrospray ionization. Ions were transferred by a capillary into a
vacuum region, guided by a set of ring-electrode ion guides that
also served as ion trap.”” Ion packets were introduced in a collinear
time-of-flight mass spectrometer*® at 10 Hz and the mass-selected
ion-packets were irradiated with laser pulses from a Nd:YAG
pumped optical parametric oscillator. Ejected PEs were captured
and imaged by a velocity-map imaging assembly.**>® Photo-
detachment action spectra were acquired by monitoring the
total electron yield as a function of wavelength. PE spectra and
angular distributions were derived from the raw images using Polar
Onion Peeling.”" The spectra were calibrated using phenolate,
which has an electron affinity (EA) of 2.235(6) eV.>* The PE spectral
resolution was ~ 5%.

Fig. 2(a) shows the photodetachment action spectrum of
ph™ and the five para-substituted phenolates around their
respective thresholds. The spectrum of ph™ includes transi-
tions observed by the Wang group** at much higher resolution
with cryogenically cooled ions. The 0-0, 0-1 and 0-2 transitions
from the ground state to the DBS can be clearly identified as
well as an offset starting just after the 0-0 transition, which
corresponds to direct detachment into the continuum (i.e., only
the 0-0 transition is bound and all others are vibrational
Feshbach resonances). Addition of a short alkyl-chain to form
2-ph™ leads to a clear red-shift but the onset of signal steadily
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Fig. 2 (a) Photodetachment action spectra for n = 0, 2-5, and 8 near the
photodetachment threshold. Vertical lines dashed lines indicate transitions
measured by Liu et al** Vertical arrows indicate excitation energy for
resonance-enhanced photoelectron spectra in Fig. 3. (b) Photoelectron
spectra of phenolate and para-substituted alkyl-phenolate anions at
hv =2.48 eV. All spectra have been vertically offset for clarity. The electron
affinity (EA) is indicated by the vertical pink arrow.
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shifts towards higher photon energy as more -CH,- units are
added to the alkyl chain. With increasing n, the 0-0 transition
becomes progressively less distinguishable as the chain length
increases. Specifically, for 2-ph™ and 3-ph~, the 0-0 transition
can be clearly discerned, while it is less so for 4-ph™ and
essentially becomes unresolved for 5-ph™ and 8-ph™. Note that
hot bands can be seen on the red side of the 0-0 transition for
all ions. These are expected because the ions are generated with
an internal temperature of at least 300 K.

The relative shifts of the 0-0 transition to the DBS arises
from an increase in the EA as the chain length is increased.
Fig. 2(b) shows PE spectra of the n-ph™ species at v = 2.48 eV.
The EA of ph sharply decreases upon para-substitution and
then gradually increases as the chain becomes longer. Hence,
assuming that the dipole-moment of n-ph remains constant,
which is supported by our calculations (see ESIt), larger n
(for n > 2) have a higher 0-0 transition energy for the DBS
peak, consistent with the shift seen in Fig. 2(a).

The most striking observation of Fig. 2(a) is the loss of
resolution of the 0-0 peak. We expect a signal rise near the 0-0
transition regardless of whether the DBS is excited because of
the proximity of the opening of the direct detachment channel
to the DBS. Hence, a possible explanation for the observed loss
in resolution is that the DBS becomes completely disrupted as a
sufficiently long chain perturbs its orbital.

To investigate whether the DBS still exists for larger n-ph~,
PE images were recorded at photon energies resonant with the
0-0 transition energies to the DBS (downward arrows in
Fig. 2(a)). The resulting PE spectra are shown in Fig. 3 with
raw PE images included as insets. The PE images exhibit
two features. The bright inner feature has been intentionally
saturated to enable a second larger ring to be visible. The
corresponding PE spectra show the dominance of the low
energy peak. This peak arises from direct detachment, which
is the main detachment process. Although the extracted PE
spectra seem to contain only this feature, a smaller peak can be
seen around 2.5 eV. Magnifications of the kinetic energy range
beyond 2.0 eV are included in Fig. 3 and shows the peak arising
from the large radii features in the images. The kinetic energy
of this peak indicates that two photons have been absorbed via
an intermediate state.

There are a number of notable features associated with the
two-photon peak. Firstly, the peak is very close to the photon
energy. Hence, the state that is responsible for resonance-
enhancement is weakly-bound. Secondly, the peak is spectrally
narrow. This suggests that the potential energy surface of the
intermediate state is very similar to the final neutral state.
Thirdly, the PE angular distribution associated with the peak
has maxima parallel to the polarization axis (f, ~ 1). Such
emission anisotropy indicates that the outgoing PE is predo-
minantly of p-wave character, so that the initial orbital is an
s- or d-like state. Taken together, these observations are con-
sistent with photodetachment from a non-valence state, i.e., the
DBS of n-ph™. Indeed, our data are fully consistent with the
much higher-resolution work from the Wang group on ph™.**
Given that the same resonance enhancement via a DBS is seen
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Fig. 3 Two-photon resonance-enhanced photoelectron spectra of phenolate
and para-substituted alkyl-phenolate anions recorded at photon energies
that are resonant with a DBS (see Fig. 2(a)). The signal has been amplified at
higher electron kinetic energies (>2.0 eV) for clarity. Inset are the raw
photoelectron images from which the spectra have been extracted. The
central feature has been intentionally saturated to emphasise the outer
narrow and anisotropic ring.

for all n-ph™, we can conclude that the DBS remains intact,
despite the presence of the alkyl chain.

Considering that the DBS is retained in each compound,
why is a loss in resolution observed in the action spectra? The
alkyl groups are conformationally flexible, especially at 300 K.
For 5-ph, DFT calculations suggest that the energy difference
between geometries optimised from a fully extended and fully
curled alkyl chain is only ~0.12 eV (see ESIf). Moreover, we
have calculated the barrier for rotation of 2-ph™ to be <80 meV
and this will only be smaller for longer chains.”® Hence, we
anticipate that at 300 K there are many conformations ranging
from ones with an extended chain to ones with a compact
shape. Each conformation is likely to interact differently with
the DBS, leading to a range of electron binding energies of the
DBS, as shown schematically in Fig. 4. The consequence of this
is a decrease in resolution for excitation to the DBS. As the tail
becomes longer, the number of available conformers increases
and the more the chain can interact with the DBS orbital, thus
explaining the loss of resolution with increased chain length.

An alternative explanation for the loss of resolution of the
0-0 transition is that the EA differs for different conformations,
which would lead to a change in excitation energy to the DBS.
However, the PE spectra in Fig. 2(b) do not appear to support
this. A variation in EA with conformational flexibility would
lead to a reduction in the gradient of the PE signal’s rising
edge. This is not quite observed, although there is a clear loss in
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Fig. 4 Schematic diagram of effect of temperature on the conformational
freedom of alkyl chain and the corresponding effect on the binding energy
of the dipole-bound state.

resolution also of the PE spectra, starting with the smallest
chains. This loss of resolution has previously been noted also
for ethyl-phenolate.>* Finally, it is also possible that the experi-
ment only samples a sub-set of conformers. Specifically, if only
certain conformers support a DBS, then only those would be
observable. For instance, one might envisage that an alkyl
chain that points into the DBS might be disruptive to the
orbital and, hence, these conformers are not observed. How-
ever, one would expect that such a selectivity would also lead to
a noticeable reduction in the relative signal of resonance-
enhanced signal in Fig. 3, which is not observed.

Loss of DBS resonances in photodetachment spectra have
previously been noted by Brauman and co-workers."®***° The
loss was attributed to the rotational motion of the neutral core;
when the dipole moment rotates then the DBS electron lags
behind and the effective dipole moment is reduced. If suffi-
ciently fast, the reduction in dipole moment renders the DBS
unbound. In the present case, an increase in n is expected to
reduce the rotational speed of the dipole moment. Hence, it
seems unlikely that rotational motion is the cause of the
reduced resolution. Interestingly, Walthall et al. also noticed
a loss of resolution in the photodetachment spectra of 4-X
cyclohex-1-enolate when X = methyl was replaced by X = ethyl.*®
This was considered to be a consequence of the coupling of the
ethyl twisting to the rotational motion of the molecule, making
the DBS unstable. However, we have shown here that such loss
of resolution does not necessarily mean that the DBS is not
present. It would be of interest to revisit some of these previous
studies using resonance-enhanced PE spectroscopy.

The observation of a PE angular distribution with maxima
parallel to the polarisation axis is consistent with photo-
emission from a DBS.''>® Perhaps surprisingly, however,
there is no qualitative change in the f3, parameter as a function
of chain length. We had suspected that perhaps an alkyl chain
“poking” a hole into a DBS orbital might alter the PE angular
distribution, but this appears not to be the case, although we
stress that our experiments measure an average of all conforma-
tions and so we might not be sensitive to such small effects.

While our 300 K experiments are of much reduced resolu-
tion compared to the experiments by the Wang group,** there
may be some advantages. Under cryogenic conditions, only a
few conformations will be present, and these may be the ones
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that avoid the DBS orbital. Nevertheless, such cold experiments
will be valuable, especially when combined with computational
studies which are much more difficult at 300 K.

We have shown that a DBS is not destroyed by the presence
of an alkyl chain, but can it survive in the bulk? In an apolar
solvent, the density of molecules is too large and the excluded
volume will not allow a DBS to exist. In polar solvents, the
solvent itself can provide a dipolar stabilisation as is the case
for charge-transfer-to-solvent (CTTS) states,*®* >® which may be
viewed as a DBS. However, much of biology exists as soft-
matter, for which the molecular density can be much lower.
For example, proteins contain large vacant pockets, which
could accommodate a DBS that may have small molecular
fragments poking into it. It is also noteworthy that the most
stable conformation of tyrosine is the para-substituted pheno-
late anion rather than the carboxylic acid.>
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