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Abstract

The decarboxylation (CO; loss) mechanism of cold monodeprotonated phthalic acid was studied
in a photodissociation action spectrometer by quantifying mass-selected product anions and
neutral particles as a function of the excitation energy. The analysis proceeded by interpreting
the translational energy distribution of the generated uncharged products, and with the help of
guantum calculations. In particular, this study reveals different fragmentation pathways in the
deprotonated anion and in the radical generated upon electron photodetachment. Unlike the
behaviour found in other deprotonated aryl carboxylic acids, which do not fragment in the anion
excited state, a double loss of CO; molecules takes place in the phthalic monoanion. Moreover,
at higher excitation energies the phthalic monoanion experiences decarboxylative
photodetachment with a statistical distribution of product translational energies, which contrasts
with the impulsive dissociation reactions characteristic of other aryl carboxylic anions.

Introduction

Decarboxylation (loss of CO;) of carboxylic acids plays an important role in organic synthesis due
to the high potential of attaining versatile decarboxylative functionalization reactions, including
the generation of new carbon skeletons by coupling the structure of the acid to other substrates.?
In the case of alkyl carboxylic acids, the -COOH group can be easily removed from the acid, e.g.
by photoredox catalysis, and this activation process can later be used in combination with other
catalytic functionalization steps in a solvent-based synthesis.?® The process is normally initiated
by the formation of an active R-COO* radical intermediate, which rapidly eliminates CO> to give
the corresponding alkyl radical (R*) involved in further transformations. However, for aromatic
carboxylic acids —e.g. substituted benzoic acids— it was observed that under mild conditions the
Ar-COO* radical does not proceed with the decarboxylation step,*° and loss of CO, only occurs
under more demanding conditions or when sophisticated chemical strategies are applied.®

The CO2 loss mechanism in aryl carboxylic acids can also be investigated using cold molecules in
the gas phase, along a reaction coordinate that comprises either a deprotonated anion



(vibrationally or electronically excited) or the corresponding radical species formed after electron
detachment. In the first case, a straightforward experimental approach consists of applying ion
beam, trapping and mass selection/detection techniques to the study of the conjugate form of a
carboxylic acid (Ar-COO~ anion), which can easily be generated in an electrospray source in
negative-ion mode. Using this experimental platform, it was shown that infrared multiple photon
excitation of CsHsCOO~ opens a (CeéHs™ + COz) fragmentation channel, which provides
spectroscopic information on the precursor anion by plotting the product ion yield vs. the
excitation wavelength.” In addition, collision activated dissociation studies performed on several
substituted aryl carboxylic anions have also revealed loss of CO> molecules.®® However, UV
electronic excitation of deprotonated benzoic acid proved to be totally inefficient to induce
fragmentation of the anion, and the molecular anion remained intact.® Remarkably, the opposite
happens for the deprotonated naphthoic acid homologue, which exhibits decarboxylative
fragmentation due to the opening of a new low-energy channel involving internal conversion and
dissociation in the ground state. Further work is still required to establish how the presence of
additional functional groups on the aromatic skeleton of aryl carboxylic anions will affect the
elimination of CO2 molecules.

It is well known that small molecular anionic systems can undergo a second type of dissociation
process induced by UV excitation, in which the system is vertically placed on the reaction
coordinate of the neutral radical species generated by electron detachment.!! For example,
dissociative photodetachment of cold deprotonated acetic acid (CH3COO™) has been studied
using photoelectron-photofragment coincidence spectroscopy, giving a complete description of
the (CH3COO® — CHs;* + CO,) rearrangement reaction.’? The dissociative photodetachment
mechanism has also been described in deprotonated aryl carboxylic acids, such as benzoic or
naphthoic anions, by measurement of the kinetic energy of the neutral species involved in the
reaction, that is the remaining unfragmented radical (CeHsCOO* or C10H;COQ*) together with the
respective photoproducts (CsHs* + CO,) or (CioH7° + C0O2).1° For these two systems, low energy
dissociation barriers could be determined along the C-COO* bond, which rapidly rearranges by
elimination of a CO; molecule. The loss of CO, from isolated CsHsCOO® contrasts with the
relatively high stability shown by this radical in solution, as mentioned earlier.

The dissociative mechanism involving odd-electron species can, in principle, compete with the
anionic photodissociation process. This happens in cases with optical access to an anionic excited
state (with a significant oscillator strength) in the same energy range as the adiabatic detachment
energy (ADE), as shown previously for the green fluorescent protein chromophore.'®'* The
dissociation yield on the radical potential energy surface becomes active at high energies, once
the photodetachment channel opens, while dissociation in the anion excited state only
predominates if the energy onset of the electronic transition is low and well separated from the
ADE. Using this argument, it is possible to explain the lack of anionic photodissociation observed
for CsHsCOO, and the existence of competing (CioH7® + CO; + e7) and (C10H7~ + CO3) routes found
for C10H,COO~, since the extended m-system in the latter will shift the absorption to lower
energies and hence increase the contribution of anionic dissociation.

A question arises about the response of an aryl dicarboxylic acid upon photodissociation. The
monoanionic form (monodeprotonated) is of higher interest because it is the major species
produced in the electrospray source operated under typical conditions. The presence of a second
carboxylic group in the aryl structure alters the excitation energy profile of the anion,*> and it is

2



likely to change the fragmentation dynamics as well. In the case of symmetrical vicinal
dicarboxylic monoanions (ortho isomers), there is an additional topic of interest concerning the
location of the hydrogen atom in the intramolecular H-bond that is established between the two
(equivalent) carboxylic groups.'® A representative model system to study the symmetry of such
an intramolecular H-bond is the monodeprotonated phthalic acid (HPA-, that may also be referred
to as benzenedicarboxylic monoanion). In the gas phase, the intramolecular H-bond in HPA™ is
symmetric and hence the negative charge is equally delocalised over the two carboxylic groups.'’
In this work, we investigated whether single and/or double elimination of CO, molecules from
monodeprotonated phthalic acid can be induced by UV dissociation in the anionic state or by
dissociative detachment in the radical state. Spectroscopic studies on HPA~ were done by
collecting the fragmentation yield of ions and neutrals as a function of the excitation energy. We
made a comparative analysis of the results with those obtained earlier for monodeprotonated
benzoic and naphthoic acids,'® with a focus on identifying the opening of new fragmentation
channels in HPA™ and, eventually, describing the presence of a barrier along the CO; loss reaction
coordinate. The experiments were interpreted with the aid of quantum calculations.

Methods

Experimental:

We have developed a new method to characterise the excited state dynamics of cold negative
molecular ions. The experimental setup is essentially a cryogenic ion trap-based
photodissociation action spectrometer adapted to work with negatively charged particles, with
the possibility to detect and quantify both product ions and neutrals. A detailed description of
the apparatus is already available in former publications.820

Photodissociation action spectroscopy is widely used to determine the photophysical properties
of isolated molecular ions.2¥?7 The action signal, usually originating from photodissociation or
electron photodetachment events, can easily be assessed by collecting and measuring the yield
of product particles as a function of the excitation energy. In absence of an active fluorescence
channel, the action spectrum becomes a means to determine the absorption spectrum.

HPA~ monoanions are generated in an electrospray source (ESI) set in negative mode operation,
by injecting a 10~* M solution of phthalic acid dissolved in a 5:1 methanol-water mixture. The ions
arrive at the trap just after a helium gas pulse and remain stored for a few tens of milliseconds,
the time required to pump down the pressure in the trap and cool down the ion temperature to
30 K by collisions.?® Next, the cold ions are extracted from the trap, accelerated to 2600 V, and
focussed in the centre of a Gauss tube set at the same potential. Before the ions leave the Gauss
tube, they are referenced to ground potential and finally enter a 1 m long flight tube of a linear
mass spectrometer that ends in a microchannel detector.?®

Excitation of molecular anions is done by use of a tuneable OPO laser (EKSPLA, 10 Hz repetition
rate, 10 ns pulse width, 10 cm~ spectral resolution, and linear polarization perpendicular to the
anion displacement). The laser is focused with a 1 m focal lens and the power is typically between
0.1 and 0.5 mJ/pulse. The spectra are corrected for the laser intensity variation.

Product anions and neutrals formed on a dissociative excited S, state energy surface (or in the
hot ground state after internal conversion), can be monitored in our apparatus as a function of
the excitation wavelength. In addition to the de-excitation channel in the excited state, direct or
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dissociative electron detachment mechanisms can also be active, producing parent and/or

product neutrals that give rise to a measurable overall signal of uncharged particles. Since particle

intensity, either anionic or neutral, is proportional to the amount of light absorbed, two types of
experiments can be carried out with our apparatus:

i. Mass-selected anion yield vs. excitation energy spectrum (detection of product ions). In this
configuration, the anions are excited inside the cold trap. Immediately after the laser shot,
the ion content of the trap (remaining precursor and product anions) are extracted, mass
selected and quantified in different mass channels. If the excited state is dissociative, a
fragmentation reaction takes place.

ii. Neutral particle yield vs. excitation energy spectrum (detection of neutrals). In this mode, the
anions interact with the laser inside the Gauss tube, where they may experience electron
detachment and eventually fragment. A deceleration potential at the exit of the tube
guarantees that only neutral particles — the unfragmented precursor radical and smaller
dissociation products — continue their flight towards the detector. Valuable information can
be gained from the temporal profile of the signal of uncharged particles. Since dissociation is
triggered by pulsed excitation, the time of flight (TOF) distribution provides a measure of the
released translational energy of the two expanding fragments,3® which in turn sheds light on
the stability of the precursor radical. For certain systems, TOF peak shape analysis as a
function of the excitation energy provides experimental access to the value of the adiabatic
detachment energy threshold.1%20

Before stepping the wavelength, the signal is averaged over 8 laser shots, and the whole spectral
measurement is repeated and averaged a few times, according to the intensity and the stability
of the source. Temporal windows can be implemented to sample the TOF peak of neutral
particles, either at the centre (unfragmented radical contribution) or at the wings (dissociation
products). The TOF distribution that characterises the signal of uncharged particles is
symmetrised by using the procedure explained in recent publications.’®'%2° No smoothing
algorithms were applied to the data, and the observed noise results principally from the source
instability and the statistical uncertainty of the measure.

Calculations:

Adiabatic and vertical detachment energies (ADE and VDE, respectively), unimolecular
dissociation energies in the HPA~ and HPA® coordinates, as well as S, <— Sp vertical excitation
energies and oscillator strengths were calculated at the DFT/CAM-B3Lyp/aug-cc-pVDZ level to
assist the interpretation of the experimental results. The calculations were performed using
Gaussian 09.3! It should be noted that the calculations do not account for the extension of the
vibrational wavefunction and tunnelling along the O—H—O coordinate of the intramolecular
hydrogen bond present in the phthalic monoanion.

Results and Discussion

Scope of the experimental method:



As mentioned earlier, the TOF peak shape for neutral particles is a signature of the dissociation
mechanisms taking place as a result of the excitation. We have identified at least six distinctive
expected scenarios that differentiate the photodissociation mechanism that has taken place for
a certain system, and we provide in Fig. 1 examples of most of these situations measured with
our setup in the neutral particle detection mode. TOF peaks of neutrals can adopt the following
characteristics shapes:

a) Symmetric exponential decrease of the signal: this denotes the occurrence of a reaction with

a statistical product energy distribution, originating in a thermal sample of a neutral or anionic
precursor. It is the case of a dissociation process in the excited state of the anion leading to
one ionic fragment and one neutral fragment. An example of this situation is the observed
peak of the naphthoyloxy radical (Fig. 1a) generated upon excitation at lower energies than
the anion’s ADE.1° In this situation, electron detachment is unavailable, and the dissociation
reaction occurs in the S, excited state of the deprotonated anion.

b) TOF signal as narrow as the resolution of the spectrometer: it represents a non-dissociative

c)

process. The signal is due to the presence of stable radicals generated after electron
photodetachment from the anion. No fragmentation occurs in the anion excited state nor in
the neutral radical. Such behaviour was found in deprotonated indole at all energies above
the ADE, the excitation of the anion leading to the stable indolyl radical (Fig. 1b).3?

A combination of the two preceding situations: in this case, photodissociation in the anionic
excited state occurs together with photodetachment. Both competitive channels can be open
when the lower lying anionic excited states of the system are energetically close to the ADE.
We have found this situation by exciting deprotonated p-toluenesulfonic acid at 260 nm (Fig.
1c).’® Here, a statistical product energy distribution is observed at the base of the signal,
accounting for a fragmentation process in the anion excited state, which is superimposed
upon a narrow central component that results from a non-dissociative electron detachment
event.

d) Two squared functions convolved with the apparatus function, with no sign of a central

narrow peak: such an observation implies that the kinetic (translational) energy released is
split into two quasi-isotropic distributions (impulsive KER), which likely indicates the presence
of a dissociative detachment process. This happens when, for example, an unstable radical
suffers an impulsive dissociation leading to two neutral fragments. We have observed this
pattern for phenylalanine upon excitation at 235 nm, above the photodetachment threshold
(Fig. 1d).?° The two broad components of the peak are accounted for by the (CoH10NO,™ —
CsHioN® + CO; + e7) dissociation reaction, ascribing the one with a wider kinetic energy
dispersion to the lighter CO, molecule, and the narrower to the complementary, heavier
CsH1ioN* fragment.

e) Two squared functions with a central narrow peak: this situation combines the scenarios b)

and d), which happens when the photodetachment process leads to an internally excited
radical that may or may not experience an impulsive fragmentation, i.e. only for internal
energies above the dissociation barrier will the fragmentation of the radical take place. This
behaviour is characteristic of deprotonated naphthoic acid upon excitation at 230 nm, above
the ADE. Again, the narrow peak that emerges at the centre of the TOF profile corresponds to
the unfragmented naphthoyloxy radical, while the two broad squared components are from
the fragments CioH7* and CO; resulting from the dissociative reaction.



There is another plausible TOF distribution that may be characteristic of neutrals, which has not
been encountered with our method so far. It consists of simultaneous photodissociation in the
anionic excited state (symmetric exponential decrease at the bottom of the signal) and an
impulsive fragmentation reaction due to the radical instability (revealed as two squared
components).

Photodissociation,
Anion excited state

a) b)

Open photodetachment channel

.

06-0300 03 06 -06-0300 03 06 -06-0300 03 06 -06-0300 03 06 -0.6-0.300 03 0.6
t-t ps

Figure 1. Different types of TOF profiles recorded in the neutral particle detection mode for systems
that release translational kinetic energy in different ways. Neutrals from fragmentation are fitted with
red lines, stable radicals with blue lines, and the combined fit in green. Photoexcitation of
deprotonated: a) naphthoic acid anion below the ADE - one neutral fragment, b) indole anion above
the ADE - one neutral stable radical, c) p-toluenesulfonic acid anion above the ADE - two neutrals (stable
radical and neutral product following anion fragmentation), d) phenylalanine anion above the ADE -
two neutral fragments, and e) naphthoic acid anion above the ADE - three neutrals (stable radical and
two neutral fragments).

Action spectra of Monodeprotonated Phthalic Acid:

The experimental results on HPA™ are presented in Fig. 2 and Fig. 3. Action spectra collected in
both anion and neutral particle modes are shown in Fig. 2. The two spectra are similar at low
excitation energies, but they differ from each other below 265 + 1 nm (above ~4.67 eV), as the
photodissociation channel in the anionic excited state becomes less favoured than
photodetachment (the switch from one process to the other is indicated by an arrow in the
spectrum of Fig. 2). In particular, there is a very strong absorption at ~230 nm when collecting
the neutral particle yield, which is not observed by detecting the signal in the mass windows
corresponding to the precursor or product anions. The same behaviour has already been
observed in other deprotonated aromatic acids like sulfonic acids.?

The spectrum is not well resolved, and only two bands are distinguished at 284.0 nm (4.37 eV)
and 275.6 nm (4.50 eV). The gas phase spectrum of monodeprotonated phthalic acid appears
slightly red shifted from the corresponding aqueous solution spectrum at pH = 8, but displays the
same absorption pattern.'®
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Figure 2. Action spectra of monodeprotonated phthalic acid, collecting either the CsHs™ anion (red) or
neutral particle (black) yields as a function of the excitation energy. The arrow (located at 265 +1 nm)
denotes the wavelength at which photodissociation and photodetachment channels switch; this value
can be taken as a measure of the ADE of HPA™ (see text). The neutral particle spectrum is recorded at
higher spectral resolution in the 260-300 nm range (inset).

Unlike what we previously observed for the benzoic acid homologue,'® HPA~ exhibits an open
fragmentation channel in the anion excited state, for excitations within ~310-265 nm. Double
elimination of CO2 molecules takes place for HPA~, which is evidenced by the appearance of a
single product anion, CsHs~, concomitant with a decrease of the precursor anion signal.

Neutral signal TOF profile:

TOF peak shapes of neutrals are shown in Fig. 3 for three excitation wavelengths, corresponding
to different spectral positions: at the absorption onset (~310 nm), just above the absorption onset
(295 nm), and at the strong absorption band in the mid UV region (225 nm). In all cases, the TOF
profiles exhibit the same symmetric exponential decrease, with a FWHM of about 400 ns. Since
anionic fragments are also measured at lower energies than the expected detachment threshold,
it can be deduced that HPA™ behaves as in scenario a) described in the previous section, that is
dissociation occurring in the anion excited state with a statistical product energy distribution. An
additional interesting observation is that such a statistical fragmentation pattern extends to
higher excitation energies, where electron photodetachment may also trigger a competitive
radical based fragmentation. What is clear is that any HPA® radicals formed upon
photodetachment neither remain intact (lack of central narrow component in the TOF
distribution) nor undergo an impulsive dissociation reaction (absence of squared components).
In other words, for excitation wavelengths below ~265 nm (above ~4.67 eV), HPA® radicals do not
survive after photodetachment, and a second fragmentation channel opens involving other odd
electron intermediates.



e ;
-1.0 -0.5 0.0 0.5 1.0
(t-t)/us

Figure 3. Temporal profiles of the signal of neutral particles at different photon energies (FWHM = 400 nm).

Photodetachment and anionic excited state energy calculations:

In accordance with previous work on HPA-,'® our calculations confirmed that the ground state
geometry of the monoanion is planar, with any nonplanar geometry converging towards the
planar one. In the lowest energy geometry, the acidic H atom is located in the middle of two O-
atoms belonging to different carboxylic groups each (see Fig. 4), forming an O---H:--O Zundel-type
bond with Coy symmetry. Much higher in energy (1.19 eV) lies the geometry characterised by
having an ordinary OH---O intramolecular hydrogen-bond, in which the H-atom is localised close
to one of the oxygen atoms and where the two carboxylic groups are no longer equivalent. In
view of these results, we suppose that the phthalic monoanion will adopt a Zundel-type 7-
membered cyclic structure in the ground state.

According to our calculations, the HPA® radical produced upon photodetachment of HPA™ does
not dissociate. However, the Zundel-type radical accessed by vertical excitation is not a minimum
energy structure. Moreover, it leads to the asymmetric OH---O form upon optimization, with a
relatively large energy gain (0.80 eV lower than the Zundel-type structure). Knowing this, one can
expect very different electron detachment thresholds for the anion. Indeed, this is evidenced by
the large difference in the values calculated for the ADE (4.77 eV, 260.0 nm) and the VDE (5.57
eV, 222.6 nm).
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Figure 4. Calculated optimized structures of the deprotonated monoanion (left) and of the radical (right) at the aug-
cc-pVDZ/CAM-B3Lyp level. The anion has a Zundel-type structure and thus a C,y symmetry; in the radical the H is
localized on one of the oxygen atoms. The Cartesian coordinates are given in the SI.

Calculated vertical excitations are given in Fig. 5. The Zundel-type structure of HPA™ exhibits only
two excited states with non-zero oscillator strengths, both of which lie above 5 eV (Fig. 5, red
trace). The calculated excitation states of deprotonated benzoic acid are also added in the figure
for comparison (blue trace).
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Figure 5. Vertical excited states calculated for monodeprotonated phthalic acid for a O--H---:O Zundel-type
geometry (red trace). Also plotted are the calculated vertical excited states of deprotonated benzoic acid (blue
trace). One should note that the calculated excited states of benzoic acid are lower in energy than those
specified in ref. 10. This might be due to the use of diffuse orbitals in the basis set function of the present
calculations, which should be more suitable for describing anions.



Interpretation of the photoexcitation spectra

The calculations presented above can help in understanding the observed neutral particle and
anion yield spectra. As mentioned earlier, it is quite clear from the data presented in Fig. 2 that
the yield of neutrals and anions does not match for energies above 4.67 eV, a value which is very
close to the calculated ADE (4.77 eV). Considering the predominance of dissociative detachment
over anion fragmentation above 4.67 eV, this experimental energy threshold can be taken as a
measure of the ADE. This is quite reasonable and even in quite good agreement with the
calculation, owing to the uncertainty one can expect from the latter.

Moreover, it has been observed that electron detachment is a very efficient process when the
photon energy is larger than the ADE. This has been observed for naphthoate,® as well as for
aromatic phosphonate, sulfonate and phosphate oxyanions,® for which the differences between
electron detachment and ionic fragmentation are quite easy to discriminate. For naphthoate, the
radical fragments are involved in an impulsive mechanism leading to a multimodal TOF profile
(Fig. 1e), with an appearance rather different to that of a statistical profile, while for phosphonate
and sulfonate the radicals are stable and photodetachment leads to a narrow peak, as in Fig. 1b,c.
In all these aromatic systems, a strong band at 230+10 nm (corresponding to the aromatic ring
excitation) is observed, which is the one preferentially leading to the radical. The HPA~ molecular
system has no reason to behave differently.

Another interpretation might be that the electron is never detached from HPA~ but, instead, the
excitation is enough to break this anion into (2 CO, + CsHs™), with an excess energy in the CsHs~
fragment sufficient to remove the electron from the structure; in that case, the C¢Hs™ anion signal
would gradually disappear while that corresponding to the two CO; fragments would remain
constant. This analysis would explain the shape of the observed neutral TOF signal, and hence
one cannot totally exclude this possibility. However, considering that the statistical process
evidenced by the TOF profiles usually reveals a distribution of internal energy, with some
fragments having very little energy, one would expect that some of the C¢Hs™ anions would be
unable to eject an electron. Moreover, the fact that the ion signal at high energy (e.g. at 230 nm)
is very weak, as compared to the neutral particle signal, would mean that nearly all the CsHs™
fragments have a higher internal energy than the detachment threshold (and very few of them
smaller internal energies), which is inconsistent with the observed statistical distribution of
energy, and can occur only in direct dissociations on a repulsive potential.

Another possibility consistent with the data is the occurrence of multiphoton processes. As an
example, a first photon could excite and fragment the precursor anion, and a second detach an
electron from the CsHs™ photofragment (whose EA is only 1.096 eV), either through direct
photodetachment or mediated through the electronic excitation of CsHs™. Again, although this
mechanism cannot be totally excluded, there is no reason why photodetachment would occur at
250 nm and not at 280 nm, being that both energies are well above the EA. Similarly, a first photon
removing an electron and a second one fragmenting the radical might also be possible. However,
since the TOF profile of neutrals is apparently not consistent with a stable HPA® radical (missing
narrow peak), our results would only be compatible with an excitation/fragmentation yield of
about 100 %, which is quite improbable.

The two bands clearly observed in the spectrum at 284 nm (4.37 eV) and 230 nm (5.29 eV) belong
to excited states of the HPA~ anion. In the calculations, the first band bearing an appreciable
oscillator strength corresponds to the state S3, at 5.05 eV, and the second to the state Ss, at 5.56
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eV, while the lowest S, states are symmetry forbidden in C,y symmetry. As a result, the two
observed bands have been assigned to the S; and Ss states. The agreement between the
experiment and the calculations is not very good, but one should keep in mind that the computed
values correspond to vertical excitations, which typically lower by c.a. 0.5 eV in energy upon
excited state optimization and taking into consideration the change in Zero Point Energy between
the ion and the radical.3® With this in mind, the agreement between the experiment and the
calculations seems reasonable, while demonstrating that calculation methods are not so good for
anions or radicals despite claims to the contrary in the theoretical literature.

Unlike the benzoate anion (for which lower excited states have been calculated in the current
study compared to our previous publication) these states are absent in our computations on HPA~
due to the C,y symmetry of this anion, confirming that it has a Zundel-type ground state structure.

The unexpected result from these experiments is the invariant TOF profile of the neutral signal
obtained for different excitation energies (shown in Fig. 3), which is indicative of the same
statistical fragmentation pattern in both the anion and the radical (above 4.67 eV). From this
observation we could in principle expect that fragmentation processes in both the anion and the
radical are similar but, as we will demonstrate next, this is not the case.

Dissociation energies and fragmentation mechanisms:

Our initial hypothesis was that a double decarboxylation sequence occurs in both the HPA™ anion,
leading to the observed photoproduct CsHs™, as well as in the unstable HPA® radical generated in
the photodetachment process. Since the observed anionic photoproduct of HPA~ was CeHs~, and
since the neutral fragments would include two stable CO; molecules for both HPA~ and HPA®, this
assumption seems reasonable. However, in order to assess the validity of this hypothesis, we
computed the energies of plausible dissociation processes. The analysis is done bearing in mind,
as discussed above, that HPA™ is most stable in its Zundel-type geometry, while the HPA® radical
is more energetically favourable in its asymmetric OH:--O form.

In the anion, the (HPA~ — CgHs™ + 2 CO3) reaction products lie 3.89 eV higher in energy than HPA~
in its Zundel-type structure. Loss of the first CO; molecule requires 2.24 eV, releasing 1.45 eV
following H* transfer to the ring to form the CsHsCOO™ anion. The loss of the second CO; molecule
from the CsHsCOO™ anion requires an additional 3.10 eV, yielding a total reaction energy of 3.89
eV (319 nm). This energy is accessible from the observed anionic excited states, and therefore a
sequential CO; loss is energetically allowed after internal conversion.

In the case of the HPA® radical, the process that consists of a simultaneous rupture of two C-CO;
bonds forming a benzyne biradical (as was described for the photodecomposition of gaseous
phthalic anhydride)3* and a C,04H* intermediate requires 3.45 eV from the optimised planar
radical structure. This process is thus much too high in energy to be observed. On the other hand,
a considerably lower amount of energy is calculated for the loss of 2 CO; (HPA* — CeHs* + 2 CO3)
dissociation reaction, since the reaction products lie only 0.32 eV above the stable optimized
structure of the HPA® radical. However, a process of this type, being endothermic, would lead to
a stable HPA® radical, evidencing a narrow TOF peak in the signal of neutral particles, contrary to
our experimental observations. In view of that, we can conclude that the observed dissociative
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electron detachment above 4.67 eV cannot lead to the same fragmentation process (loss of 2 CO;
molecules) as that observed in the anion.

Alternatively, the energy required to lose a single CO> molecule from the HPA® radical, leading to
the formation of CsHsCOO® as counter-fragment, is exothermic. The formation of (CsHsCOOH +
CO;) —the H atom staying on the carboxylic group— is exothermic by -0.25 eV, and the (CcHsCOO*
+ COy) structure obtained after H-transfer to the aromatic ring is twice as exothermic (-0.48 eV).
These fragmentation reactions are found to be exothermic and can therefore occur at the
threshold. However, considering that the kinetic energy released into the neutral products (TOF
profile in Fig. 3) appears to have a statistical distribution, and taking into account the fact that
this reaction probably requires an H-transfer from the remaining -COOH group to the ring, it is
likely that a strong atomic rearrangement would be involved in the process. Such H-transfer
induced rearrangement is obviously absent in the case of deprotonated benzoic acid, where a
direct (CsHsCOO~ — CeHs® + CO, + ) impulsive fragmentation occurs upon photodetachment.1°

What is interesting in the HPA~ system is the fact that the fragmentation mechanisms in the anion
and in the photodetached radical are different. This is an unexpected result based upon our prior
studies of carboxylic acid-bearing aromatics.

Comparison between deprotonated phthalic and other carboxylic acids:

In this section, we will summarise the differences found in the behaviour of benzoic, naphthoic
and phthalic monoanions caused by photodissociation. Contrary to what it might be expected,
the introduction of a second carboxylic substituent in the aromatic ring causes a marked change
in the photophysics of these molecular anions. The main difference regards the dissociation in
the HPA™ anion, which does not happen in the case of C¢HsCOO™.

We will begin the analysis by comparing the calculated electronic states of HPA~ and CsHsCOO~
shown in Fig. 5. The overall absorption appears somewhat blue shifted for HPA~ in comparison
with the C¢HsCOO™ anion, with the transitions having —on average— much stronger oscillator
strengths. As already mentioned in a prior section, although similar low energy excited
states are calculated for the benzoate anion and for HPA-, the latter have negligible oscillator
strengths because they are forbidden in C;y symmetry, confirming a Zundel-type ground state
structure for HPA™. It is quite surprising that no excited states were observed in our prior
experiments on the benzoate anion (the whole spectrum was attributed to photodetachment),
and this seems to indicate that when the electron detachment channel is open, electron
detachment leading to the radical is faster than internal conversion leading to ionic
fragmentation, which is the signature of the presence of anionic excited states. The latter
argument reinforces the assignment of 3.67 eV as the threshold above which electron
detachment is faster than internal conversion.

Another notable difference of HPA~ with respect to other deprotonated carboxylic homologues
is the absence of a stable HPA® radical after electron detachment. In contrast to what was found
for CsHsCOO*® and C10H7COO" radicals, for which a marked narrow peak appears in the TOF profile
of neutral particles, such a feature is absent for HPA®. This means that no late barrier of an
appreciable height is able to constrain the reactivity of the HPA® radical, and/or that the radical
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obtained by electron detachment of the anionic excited state is higher in energy than the existing
potential barrier. Moreover, the collected evidence indicates that the fragmentation of HPA® does
not proceed via an impulsive mechanism, as occurs for the benzoyloxy radical after surmounting
a late barrier along the C-COO* bond, but rather a single CO; is lost in a more complex mechanism
involving H-transfer.

Conclusion

We monitored the extent of photodissociation for monodeprotonated phthalic acid in the gas
phase. We registered the fragmentation spectrum by collecting both mass-selected anion and
neutral particle yields as a function of the excitation wavelength, and analysed the translational
energy distribution of the uncharged products generated in the UV-induced dissociation
reactions. Unexpectedly, important differences arise in the photophysics of monodeprotonated
phthalic, benzoic and naphthoic acids. For example, loss of CO> molecules takes place in the
phthalic radical under statistical process, while impulsive dissociation reactions are found in the
other two cases. Unfortunately, the translational energy patterns of product neutrals involved in
anionic and radical dissociation processes are very similar, and hence it is not possible to
definitively distinguish the ADE threshold above which HPA® radicals are formed.

A particularly interesting result of this study is that the fragmentation pathways in the
deprotonated HPA™ anion and in its photodetached HPA® radical are not necessarily the same
(and, indeed, they are found to be very different) for two species differing by only one electron.
The question raised is as follows: is this result specific to this one case, or do the presence of
multiple functional groups influence the fragmentation reactivity in other aromatic anions and
radicals?

Supporting Information

The dissociation spectra of deprotonated benzoic and phthalic acid monoanions are compared,
showing the yield of the different photoproducts. In addition, we provide the optimized ground
state geometry and the xyz coordinates of monodeprotonated phthalic acid, in both monoanion
(Zundel) and radical (non-Zundel) forms.
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