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The hitherto elusive phosphino formic acid molecule (H,PCOOH)
was detected for the first time in the gas phase. Theoretical
calculations revealed an unexpected kinetic stability of H,PCOOH
compared to the isovalent carbamic acid (H,NCOOH) although the
replacement of a single nitrogen atom by phosphorus decreases the
bond order from a partial double (-C=N-) to a single (-C-P-)
bond. This work provides a fundamental framework to explore the
synthesis and stability of derivatives of carbonic acid (H,COs), in
which one or both hydroxyl groups (OH) are replaced by hydride
moieties involving third row atoms.

For the last century, Langmuir’s concept of isovalency in which
‘two molecular entities with the same number of valence electrons
have similar chemistries’ has been instrumental in developing
modern concepts of chemical bonding” and in understanding
basic principles of molecular structure and reactivity of isovalent
systems.>” Specific attention has been devoted to contrasting the
nitrogen chemistry with the analogous chemistry of phosphorus.*
Located in main group 15, nitrogen and phosphorus have both five
valence electrons and hence are isovalent. Nevertheless, their
chemical bonding can be quite distinct as evident from the
structures of the diatomic nitrogen molecule (N,) compared to
the tetra phosphorus molecule (P,) carrying nitrogen-nitrogen
triple and phosphorus-phosphorus single bonds, respectively
(Scheme 1). Likewise, fully saturated hydrides of nitrogen are
limited to hydrazine (N,H,) and triazene (N;H;),> whereas
phosphanes with up to eight phosphorus atoms (octaphosphane;
PgH,,) have been prepared recently.® The divergent chemical
stability of nitrogen versus phosphorus compounds is illustrated
in particular when comparing carbamic acid (H,NCOOH) with
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Scheme 1 Structures of tetraphosphorus (P4, Td), dinitrogen (N2, D.p),
phosphino formic acid (H,PCOOH, C,), carbamic acid (H,NCOOH, C,),
and carbonic acid (HOCOOH, C,,).

the isovalent phosphorus analogue phosphino formic acid
(H,PCOOH) (Scheme 1). Carbamic acid was successfully synthe-
sized in low temperature matrices containing ammonia (NH;)
and carbon dioxide (CO,) by annealing the ices from 10 K to
80 K. The overall pathway involved an initial formation of an
ammonia-carbon dioxide van der Waals complex followed by
the reaction of the Lewis base (NH;) with the Lewis acid (CO,) and a
successive proton transfer from the nitrogen to the oxygen atom.”
Despite extensive interest in the isovalent phosphino formic
acid (H,PCOOH) from the preparative inorganic and also
physical chemical viewpoint as isovalent systems of the nitrogen
analogous carbamic acid (H,NCOOH) molecule, free phosphino
formic acid (H,PCOOH) has not been isolated yet although an
inherent barrier of 292 k] mol ™' should inhibit the decomposition
to carbon dioxide (CO,) and phosphine (PH;).*° Diemert et al.
stabilized phosphino formic acid (H,PCOOH) within the coordina-
tion sphere of transition metal complexes): (CO)sM(H,PCOOH)
and [(CO)sM(H,PCOOH)], (M = Cr, W)." Derivatives, in which the
hydrogen atoms of the phosphino moiety were replaced by organic
groups such as phenyl (C¢Hs), could be stabilized in chromium
and tungsten based transition metal complexes as well."* The
stability of free derivatives of phosphino formic acid-carbonic
ester phosphides (RHPCOOR'’) with R and R’ being alkyl
or aromatic groups'? and sodium diphenylphosphinoformate
((CeH5),PCOONa)"™ - was attributed to the lack of acetic hydro-
gen atoms at the carboxyl moiety, which likely hydrolyze the
phosphino formic acid and their derivatives in solution.
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Here, we report on the very first experimental detection of
the hitherto elusive phosphino formic acid (H,PCOOH) molecule
in the gas phase. Our experiments are merged with ab initio
electronic structure calculations to verify the stability of gas
phase phosphino formic acid (H,PCOOH). The experiments were
conducted in an ultrahigh vacuum (UHV) surface science
machine operated at a base pressure of a few 10~'" Torr.*"*
Binary ice mixtures of phosphine (PH;) and carbon dioxide
(CO,), phosphine (PH;) and [**C}-carbon dioxide (**CO,), as well
as phosphine (PH;) and ['®O}-carbon dioxide (C'®0,) were pre-
pared in separate experiments with thicknesses of 830 £ 50 nm
at 5.5 £ 0.2 K. The non-equilibrium chemistry and bond-cleavage
processes were stimulated by exposing these ices to energetic
electrons for one hour at an average dose of 2.8 + 0.6 eV per
molecule. After the irradiation, the ices were heated at a rate of
1 K min~" to 320 K (temperature programmed desorption; TPD).
During the TPD phase, the subliming neutral molecules were
first ionized via tunable vacuum ultraviolet (VUV) photoionization
(PI), mass resolved in a reflectron time-of-flight mass spectrometer
(PFReTOF-MS), and eventually identified by their arrival times
through a multichannel plate via their mass-to-charge ratios. By
systematically tuning the photoionization energies from 10.86 €V to
9.60 eV, we selectively ionize specific structural isomers based on
their jonization energies (IE) as obtained from the electronic struc-
ture calculations and determine which isomer(s) is(are) produced
thus ultimately identifying phosphino formic acid (H,PCOOH).

The mass spectra of the subliming molecules released from
the irradiated phosphine (PHj)-carbon dioxide (CO,) ices are
revealed in Fig. 1 as a function of temperature recorded at photon
energies of 10.86 and 9.60 eV. In addition to the precursor phos-
phine (PH;) (m/z = 34; IE = 9.87 eV), phosphanes like diphosphine
(P,H,) (m/z = 66; IE = 8.8 €V), and hydroxyphosphine (H,POH) (m/z =
50; IE = 9.22-9.23 €V), ion signal was also observed at m/z = 78."%%°
Considering the molecular weight of phosphine (34 amu) and
carbon dioxide (44 amu), the molecular weight of 78 amu is
consistent with the formation of a molecule of the formula PH;CO,.
The corresponding TPD profile at m/z = 78 exhibits an onset of close
to 180 K and a maximum of the ion counts at 192 K (Fig. 2(a)).
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Fig. 1 Mass-to-charge dependent temperature programmed desorption
(TPD) profiles obtained after photoionizing the desorbing molecules of
irradiated (a) phosphine (PHs) and carbon dioxide (CO,) ice with 10.86 eV
photons, (b) phosphine (PH3) and [**Cl-carbon dioxide (**CO,) ice with
10.86 eV photons, (c) phosphine (PHz) and [*80]-carbon dioxide (C20,)
ice with 10.86 eV photons, and (d) phosphine (PHs) and carbon dioxide
(CO,) ice with 9.60 eV photons.
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Fig. 2 Temperature programmed desorption (TPD) profiles recorded
via PI-ReTOF-MS for (a) m/z = 78 (PH3z—CO, system, Pl = 10.86 eV),
(b) m/z = 79 (PH3="3CO, system, Pl = 10.86 eV), (c) m/z = 82 (PHs—C*®0,
system, Pl = 10.86 eV), (d) m/z = 78 (blank PH3-CO,, Pl = 10.86 eV), and
(e) m/z = 78 (PH3—CO, system, Pl = 9.60 eV).

To confirm that the species observed via m/z = 78 are linked to a
molecule with the formula PH;CO,, two additional isotopic experi-
ments were carried out by replacing carbon dioxide with [**C] and
[*®0] carbon dioxide in separate experiments. Here, the TPD profiles
recorded at m/z =79 and 82 (Fig. 2(b) and (c)) - shifted by 1 amu and
4 amu in the [**C] and [*®0] carbon dioxide experiments, respec-
tively. These findings reveal that the product molecules have one
carbon atom and two oxygen atoms, a finding which is consistent
with the molecular formula PH;CO,. It is worth mentioning that we
also conducted a control experiment, that is, an experiment under
identical conditions with phosphine (PH;3) and carbon dioxide
(CO,), but without exposing the ice to energetic electrons. In this
control study, no signal was observed at m/z = 78 (Fig. 2(d)), which
demonstrates that the PH;CO, product is the result of the radiolysis
of the ices, but not an artifact from the photoionization laser and/or
gas phase ion-molecule reactions of the precursors.

Having established the formation of a new molecule with the
molecular formula PH;CO, (78 amu) along with its **C and 0
substituted counterparts, we are shifting our attention now to the
identification of the PH;CO, product isomer(s). This objective is
achieved by selectively photoionizing specific structural isomers
based on their ionization energies. Our electronic structure
calculations expose the existence of ten closed shell local minima,
whose adiabatic ionization energies and relative energies obtained
at the CCSD(T)/CBS level with B3LYP/cc-pVTZ zero-point vibrational
energy corrections are presented in Fig. 3. These species can be
arranged in three groups: the thermodynamically most stable
phosphino formic acid isomers (H,PCOOH; 1a-1b) [IE = 9.74-
9.75 e€V; AE = 0.00-0.20 eV], its enol tautomers (HPC(OH),;
2a-2d) [IE = 8.23-8.42 eV; AE = 0.85-1.10 eV], and the formic
phosphinous anhydride species (HCOOPH,; 3a-3d) [IE = 9.34-
9.50 eV; AE = 0.00-0.16 eV]; the ionization energies of these three
groups are well separated by about >0.24 eV (group I and III) and
1.1 eV (group II and III). At a photon energy of 10.86 eV, all isomers
can be ionized (Fig. 2(a)). A photoionization energy of 9.60 eV allows
only the ionization of isomers belonging to group II and IIJ;
considering the ionization energy of 9.74-9.75 eV, phosphino formic
acid (H,PCOOH; 1a-1b) cannot be ionized by 9.60 €V photons.

Chem. Commun., 2018, 54, 5716-5719 | 5717



ChemComm

Lol

1a0.00 eV, 1b 0.20 eV,
9.75 eV, C; 9.74 eV, C,
9 " i ‘” 5@
F v D vet D v S
w P L] L]
2a0.85eV, 2b0.85eV, 2c0.85eV, 2d1.10 eV,
8.42eV, Cg 8.30 eV, Cg 8.29eV, Cg 8.23 eV, Cy
W 9 L4 L4
oS, 020 00
o
3a 0.00 eV, 3b0.02 eV, 3c0.14 eV, 3d 0.16 eV,
9.50 eV, Cg 9.48eV, Cy 9.36 eV, Cg 9.34eV,Cg

Fig. 3 Molecular structures of H,PCOOH isomers along with relative
energies in eV (black), adiabatic ionization energies in eV (blue), and point
groups (red).

The TPD profile of the 9.60 eV experiments is depicted in Fig. 2(e)
and does not show any ion counts at m/z = 78. Therefore, we can
conclude that isomers belonging to group II and III are not ionized
at 9.60 eV, and that signal at m/z = 78 in the 10.86 eV experiment is
linked solely to the previously elusive phosphino formic acid
(H,PCOOH), but not to HPC(OH), or HCOOPH,.

It is interesting to rationalize the exclusive synthesis of the
phosphino formic acid isomer (H,PCOOH). Upon interaction of
energetic electrons, the phosphine molecule (PH;) can undergo a
unimolecular decomposition to form predominantly the phosphino
(PH,) radical plus suprathermal atomic hydrogen (H) (reaction
(1)).>*' The suprathermal hydrogen atom can add to the carbon
or oxygen atom of the carbon dioxide (CO,) molecule.>*>* These
pathways lead to the formyloxyl (HCOO) and cis/trans-hydroxy-
carbonyl (HOCO) isomers, respectively, with the latter being
more stable by 0.51/0.59 eV (reaction (2)). Recent experiments in
carbon dioxide-methane and carbon dioxide-water** ices confirm
a preferential hydrogen atom addition to the oxygen atom of carbon
dioxide, and solely the cis/trans-hydroxycarbonyl (HOCO) radical was
detected spectroscopically. In the low temperature carbon dioxide-
phosphine ices, the cis/trans-hydroxycarbonyl (HOCO) radical could
recombine without barrier with the phosphino (PH,) radical
forming the experimentally detected phosphino formic acid
isomer (H,PCOOH) (reaction (3)) if both radicals hold a favorable
recombination geometry. Note that any synthesis of the non-
detected formic phosphinous anhydride species (HCOOPH,)
requires the formation of the formyloxyl (HCOO) radical intermedi-
ate, which then recombines with the phosphino (PH,) radical.
However, the aforementioned discussion excluded the formation
of the formyloxyl (HCOO) radical, which in turn eliminates the
synthesis of the formic phosphinous anhydride species (HCOOPH,,).
Finally, the failed detection of the enol tautomer (HPC(OH),)
deserves some attention. Previous studies on the acetaldehyde
(CH3CHO)-vinyl alcohol (H,CCH(OH)) keto-enol isomer pair in
electron irradiated carbon monoxide-methane ices suggests
that the enol tautomer is formed via atomic hydrogen shift
from the carbon to the oxygen atom in acetaldehyde upon
radiolysis of the latter."> The non-detection of the enol tautomer
(HPC(OH),) in the present experiments proposes that the keto-enol
tautomerization is absent possibly due yields of the phosphino
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formic acid isomer (H,PCOOH) being too low to form detectable
fractions of the enol tautomer of (HPC(OH),.

PH;, —» PH, + H AxG =3.37 eV (1)

H+ CO, » HCOO ARG = 0.37 eV (2a)

H + CO, — cis/transsHOCO ARG = —0.15/—0.22 eV
(2b)

cis/trans-HOCO + PH, —» H,PCOOH ARG = —2.70/—2.63 eV

®)

Having established the synthesis of the hitherto elusive
phosphino formic acid molecule (H,PCOOH) along with its °C
and "0 substituted counterparts, we are turning our attention
now to the stability of this compound. Our electronic-structure
calculations predict that phosphino formic acid (1a) can undergo
unimolecular decomposition forming phosphine (PH;) and carbon
dioxide (CO,) via a weakly bound van der Waals complex in an
overall exoergic reaction (AgG = —0.53 eV; AgG = —51 k] mol ") after
isomerizing to 1b via a barrier of 0.45 eV (43 k] mol ") and passing a
transition state located 1.94 eV (187 kJ mol ") above 1b (Fig. 4(a)).
These data demonstrate that although phosphino formic acid
(H,PCOOH) is less stable than the phosphine (PH;3) and carbon
dioxide (CO,) reactants, phosphino formic acid (H,PCOOH) is
kinetically stable due the significant barrier separating the reactants
and products. The features of the underlying potential energy
surface toward decomposition (Fig. 4(a)) are alike to those of the
surfaces of carbamic acid (H,NCOOH)*® and carbonic acid
(HOCOOH), which have been isolated previously.**™° The
calculated phosphorus—carbon bond distance of 1.87-1.89 A
(1a-1b) (Table S2, ESI}) correlates with the existence of a
phosphorus-carbon single bond (1.84 A), but not with a double
bond (1.71 A), which is shorter by about 0.03-0.05 A. On the
other hand, the nitrogen-carbon bond length in the isovalent
carbamic acid (H,NCOOH) was determined to be 1.36-1.38 A
(Table S3, ESIt), i.e. between a typical nitrogen—carbon single
(1.47 A) and double bond (1.29 A) due to resonance and hence
partial double bond character of the -C—=N- moiety. Although
the replacement of the nitrogen atom by phosphorus increases
the bond length to carbon from a partial double (-C—N-) to a
single (-C-P-) bond, the barrier to a gas phase decomposition
increases from 149 k] mol ™" to 187 k] mol " from carbamic acid
(H,NCOOH) to phosphino formic acid (H,PCOOH) (Fig. 4). This
unexpected enhancement of stability can be rationalized in
terms of distinct partial charges distributions. Here, the nitrogen
atom in carbamic acid (H,NCOOH) holds a charge of —0.264 e and
can easily capture the adjacent acidic proton on oxygen to pass the
transition state (Fig. 4b), while the positive charges on the phos-
phorous atom (0.003 e) in phosphino formic acid (H,PCOOH) may
hinder the approach of the proton and lead to a higher barrier
for the decarboxylation of phosphino formic acid (H,PCOOH).
Consequently, the replacement of single nitrogen atom by lower
electronegative phosphorus enhances the stability of the molecule
carrying the carbon-phosphorus bond (phosphino formic acid)
compared to the carbon-nitrogen moiety (carbamic acid). Finally,
considering the average velocity of 240 ms " of the phosphino
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Fig. 4 Molecular decomposition pathway of phosphino formic acid
(H,PCOOH) (a) and of the isovalent formic acid (HoNCOOH) (b). Energies
were obtained at the CCSD(T)/CBS level with B3LYP/cc-pVTZ zero-point
vibrational energy corrections. Partial charges (e) of the species related to
the decomposition of phosphino formic acid (H,PCOOH) and carbamic
acid (H,NCOOH) are also indicated.

formic acid (H,PCOOH) subliming at 190 K and the distance
between the ice and the photoionization laser of 2 mm, the
lifetime of the subliming phosphino formic acid (H,PCOOH) has
to be at least 6 ps to survive the time between the sublimation and
the photoionization event.

In conclusion, exploiting single photon vacuum ultraviolet
photoionization reflectron time of flight mass spectrometry
(PI-ReTOF-MS), the present study provides compelling evidence
on the exclusive synthesis of the phosphino formic acid
(H,PCOOH) molecule - the hitherto elusive isovalent species of
carbamic acid (H,NCOOH). Utilizing isotopically labelled reactants,
this approach allowed the determination of the molecular formula
of the newly formed molecule based on the isotopic shifts and the
fragment-free detection of the neutral parent molecule upon photo-
ionization. The non-equilibrium nature of the reaction pathway via
a phosphorus-hydrogen bond rupture in phosphine followed by
addition of the suprathermal hydrogen atom to the oxygen atom of
carbon dioxide and recombination of the cis/trans hydroxy carbonyl
(HOCO) with phosphino (PH,) leads exclusively to a directed
synthesis of the free phosphino formic acid (H,PCOOH) molecule.
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