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ABSTRACT: Molecular crystals have been prepared from pentafluorophenylphosphonic acid
(4). These include 2 CgFsPOsH2-H2O (4.4.H20), [(CsFsPO3H™)(H30*)]-CeFsPOsH>
(4.47H30%), [(CeFsPO3H")(NH4)]-CsFsPOsH2  (4.4~.NH4%), [(CeFsPOszH™)(Me2NH2")]
(4-.DMAY), [(CeFsPOsH™)(Me2NH2")]-H20 (4~.DMA*.H20),
[(CeFsPOsH™)(Me2NH2")]-CsFsPOsH2  (4.4-.DMA*), [(CeFsPOsH™)(Me2NH2")o5(NH4")o.5]
(4~.DMA*.NH4*), and [(CeFsPOsH")("HsNCH.CO.H)] (4-.Gly*), where DMA*" =
dimethylammonium and Gly* = glycinium. All of the assemblies incorporate an ammonium
cation, a water molecule, or a hydronium ion in their structure, and these included species act
as adhesive agents. They interact via O/N-H---O hydrogen bonds and C-H---O contacts with
POsH2 or PO3H™ moieties located in polar sheets, forcing the building blocks to assemble with
a 2D layered arrangement. The robustness of this arrangement is reminiscent of that observed
in metal arylphosphonates and guanidinium sulfonates, yet the architectures described herein
differ significantly from the latter by two aspects, the lack of puckering of the layers and the
absence of void spaces to accommodate solvent molecules. Interestingly, however, just like in
guanidinium sulfonates, two structural types have been recognized depending on the size of
the included species, a single-layer stacking motif and a bilayer stacking motif. Even though
hydrogen bonding is the prevailing interaction in these systems, the use of perfluoroaryl
groups is also central, as these moieties bring about weak C-F---x, t---xt, C-F---F-C, C-F---H-C,
and O/N-H---F-C interactions that help increasing the cohesion of the non-polar regions. As a
result, new architectures are created that differ in some cases significantly from those
prepared from phenylphosphonic acid. But the weakness of perfluoroaryl-based interactions is
also their strength, as these interactions are sufficiently flexible to allow changes in the
organization of the aromatic groups in response to changes (ionization) occurring in the polar
regions, as observed in the structures of 4.4.H20 and 4.4-.HsO*. This situation is quite
unusual and may be regarded as some kind of acidity-modulated polymorphism. The work
presented here broadens the knowledge on molecular crystal formation with arylphosphonic
acids, a research area largely dominated by carboxylic and sulfonic acids. Also, the
computational evaluation of 4.4.H20 and 4.4-.HsO" described in this report suggests that this
family of fluorinated compounds may show interesting prospects as molecular

semiconductors, a research area that is currently receiving increased attention.



INTRODUCTION

Metal phosphonates are an important class of materials with applications in fields as diverse
as oxidation catalysis, magnetism, corrosion protection, surface modification of implants,
nuclear waste treatment, and photoluminescence.! These hybrid materials exhibit a wide range
of architectures going from discrete species to clusters and extended networks. In this
category of compounds, metal arylphosphonates occupy a special place due to the fact that a
large number of them have a 2D layered arrangement in the solid state. Owing to this
structural peculiarity, metal arylphosphonates are amenable to intercalation type reactions,
exhibit ion exchange properties, can be used as heterogeneous acid catalysts, and show good
prospects as proton conductors.? Yet, despite the large body of literature available on these
latter materials, only a limited number of papers have been published concerning the use of
phenylphosphonic acid in crystal engineering studies.>*” Even more surprising, just one
report could be found concerning crystallographic characterization of fluorinated
arylphosphonic acids,'® in sharp contrast with the fact that fluorine-containing molecules are
now emerging as important building blocks for molecular assembly fabrication.*® We wish to
continue this theme here and report on the synthesis of molecular crystals® derived from
pentafluorophenylphosphonic acid (4) (Scheme 1). A related study was published a few years
ago by Desiraju and co-workers on fluorobenzoic acids.?*

The ultimate goal of this work was to graft diacid 4 onto metal oxide surfaces?*?® and
then establish if these modified surfaces could bind substrates via arene-perfluoroarene,
anion-rt, and lone pair-r interactions.?*8 Prior to doing that, however, we set about studying
the crystallization of 4 with guests susceptible of giving host-guest complexes assembled by
such interactions. Numerous attempts have been made, but regrettably, such assemblies could
not be obtained. In particular, we have found that 4 did not form multi-component crystals
with benzene, carbon tetrachloride, halides, and oxo anions. Instead, assemblies organized by
hydrogen bonding were isolated that include 2 CeFsPOsH2-H20 (4.4.H20),
[(CeFsPOsH™)(H30")]-CeFsPO3H> (4.47.Hs30%), [(CsFsPO3sH™)(NH4")]-CeFsPO3zH:
(4.4~NHs*),  [(CeFsPOsH?)(Me2NH2)]  (4~.DMA*),  [(CeFsPOsH™)(Me2NH2")]-H20
(4-.DMA*.H-0), [(CsFsPO3H™)(Mez2NH2")]-CeFsPOsH2 (4.4~ DMAY), and
[(CeFsPOsH)(Me2NH2")o5(NH4%)os] (4-.DMA*.NH4*). Also, crystallization of 4 in the
presence of glycine gave the salt [(CsFsPOsH-)("HsNCH2CO2H)] (4-.Gly*) that shows
protonation of glycine instead of the awaited COO---CgFs interaction. All of the molecular
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crystals incorporate an ammonium cation, a water molecule, or a hydronium ion in their
structure. Isolation of the hydronium-containing structure 4.4-.HsO* was totally unexpected
due to the existence of the neutral form 4.4.H20, yet computational evaluation of these two
polymorphs at the DFT-D3 level provides energy and molecular orbital arguments that
substantiate the validity of 4.4-.H3O". This situation may be regarded as some kind of acidity-
modulated polymorphism. As regards the ammonium cations present in 4.4~.NHs*-4-.Gly",
they originate from the salt or the guest molecule utilized in the co-crystallization experiment,
or from decomposition of the N,N-dimethylformamide (DMF) solvent. Importantly, these
included species act as adhesive agents, as they interact with the POz groups and create polar
sheets, forcing the building blocks to assemble with a 2D layered arrangement. The
robustness of this arrangement is reminiscent of that observed in metal arylphosphonates and
guanidinium sulfonates, the main difference with the latter being the lack of puckering of the
layers.203%43 Interestingly, just like in guanidinium sulfonates, two structural types have been
recognized: the first type consists of a single-layer stacking motif made of an alternation of
polar and non-polar regions along the stacking direction. In this case, aryl groups protruding
from a polar layer alternatively point upward or downward that layer and interdigitate with
aromatic moieties from surrounding layers. The second structural type is bilayer stacking. In
this case, all of the pentafluorophenyl groups protruding from a polar layer point in the same
direction and do not interdigitate with neighboring aromatic moieties. As a result, two
consecutive polar regions are separated from one another by two successive layers of CeFs
groups, instead of just one in the single-layer stacking motif.

Even though hydrogen bonding is the prevailing interaction in these systems, the use
of perfluoroaryl groups is clearly central, as these moieties bring about weak C-F---x, 7---, C-
F---F-C, C-F---H-C, and O/N-H---F-C interactions that help increasing the cohesion of the non-
polar regions. As a result, new architectures are created that differ in some cases significantly
from those prepared from phenylphosphonic acid. Also, compact structures are obtained that
show no or prohibitively small void spaces to accommodate solvent molecules, in sharp
contrast with guanidinium sulfonates.***® But the weakness of perfluoroaryl-based
interactions is also their strength, as these interactions are sufficiently flexible to allow
changes in the organization of the aromatic groups in response to changes (ionization)
occurring in the polar regions, as observed in the structures of 4.4.H20 and 4.4-.HzO". This

attribute is linked with the ability of the perfluoroaryl moieties to absorb part of the negative



charge of the ionized phosphonate groups and to interact more strongly with the perfluoroaryl
groups of the neutral phosphonic acid molecules.

The work presented here broadens the knowledge on molecular crystal formation with
arylphosphonic acids, a research area largely dominated by carboxylic and sulfonic acids. In
addition, the structural similarities that exist between derivatives of 4 and metal
arylphosphonates suggest that the former materials may be worthy of further study in regard
to proton conduction and ion exchange applications. Proton conductivity investigations of
4.4.H-0 and 4.4-.H3O" are currently underway and will be the focus of a separate report.*” In
connection with ion exchange applications, the exposed results set the ground for further
studies aimed at assessing to which extent the use of other kinds of organic templates or metal
cations modifies the architectures of the derivatives of 4, and if the use of biologically
relevant amines is suitable for the preparation of multi-component assemblies of
pharmaceutical significance.'>16449 [ ast, the computational evaluation of 4.4.H>O and
4.4~ H3O" reported in this work suggests that this family of fluorinated compounds and their
derivatives may show interesting prospects as molecular semiconductors, a research area that

is currently receiving increased attention,%-52



EXPERIMENTAL SECTION

Characterization Methods. Solution H, *C, °F, 2°Si, and 3P NMR spectra were
obtained on Bruker instruments of the following types: Avance DPX 200, AC 250, and
Avance DRX 400. Chemical shifts were referenced as follows: *H (protio impurities of the
NMR solvents), 3C (NMR solvents), °F (CFCls), 2°Si (MesSi), 3P (85% HsPO.). Solution-
state infrared spectra were recorded in the transmission mode on a Perkin Elmer 1600 Series
FT-IR spectrometer with a 4 cm~! resolution. Solid-state infrared spectra were recorded with a
4 cm! resolution on a PerkinElmer Spectrum Two FT-IR spectrometer equipped with a
diamond crystal Attenuated Total Reflectance (ATR) unit. Electron impact (EI) mass spectra
were obtained on a JEOL JMS-DX300 instrument and fast atom bombardment (FAB) spectra
on a JEOL JMS-SX102 A machine. Coupled TGA-DSC experiments were conducted under a
nitrogen flow (100 mL min~t) on a TA Instruments SDT-Q600 Simultaneous TGA / DSC
apparatus, with a heating rate of 5 K/min. X-ray powder patterns were recorded on a
PANalytical X’ pert MPD-Pro diffractometer in the Bragg-Brentano &6 reflection geometry
with Ni-filtered Cu Ko radiation (A = 1.5418 A). Measurements were performed at room
temperature in the 3-60° 20 range, using a step size of 0.033° and a counting time per step of
240 s. Elemental analysis of 3 was carried out at the Service Central de Microanalyse of the
Centre National de la Recherche Scientifiqgue (CNRS), Vernaison, France, and that of 4 was

performed in-house using an Elementar Vario Micro Cube apparatus.

Materials. The chemicals used in this study were obtained from the following
commercial sources: magnesium turnings (Alfa Aesar), bromopentafluorobenzene (Alfa
Aesar), diethyl chlorophosphite (Alfa Aesar), 30% w/w solution of hydrogen peroxide in
water (Fluka), iodotrimethylsilane (Alfa Aesar), magnesium sulfate (VWR), Celite® (Sigma-
Aldrich), ammonium nitrate (Sigma-Aldrich), ammonium chloride (Alfa Aesar), glycine (Alfa
Aesar). Solvents were purchased from the following suppliers: diethyl ether (Sigma-Aldrich),
n-pentane (Carlo Erba), acetone (Sigma-Aldrich), dichloromethane (Carlo Erba), carbon
tetrachloride (VWR), benzene (Alfa Aesar), methanol (Carlo Erba), N,N-dimethylformamide
(Carlo Erba), 37% w/w hydrochloric acid solution (VWR). Prior to use, diethyl ether was
distilled over sodium-benzophenone ketyl.



Synthesis. CsFsP(OC2Hs). (1). A 500-mL flask equipped with a magnetic stir bar and
a dropping funnel is charged with a 5.0 g portion of magnesium (206 mmol). The setup is
placed under an inert atmosphere of argon. The magnesium turnings are covered with 50 mL
of dry diethyl ether. The dropping funnel is charged with a 25 mL portion of
bromopentafluorobenzene (201 mmol) via a syringe. A few drops of
bromopentafluorobenzene are added to the flask to initiate the formation of the magnesium
derivative. The bromopentafluorobenzene left in the funnel is diluted with 200 mL of
anhydrous diethyl ether. This solution is added dropwise to the flask at such a pace that a
gentle reflux is maintained. When the addition is complete, the reaction mixture is refluxed
for 30 min, and then it is allowed to reach room temperature with stirring.

In a second 500-mL flask, a solution containing 27 mL of diethyl chlorophosphite
(188 mmol) in 150 mL of anhydrous diethyl ether is prepared. The
pentafluorophenylmagnesium bromide solution is added dropwise via a canula to the diethyl
chlorophosphite solution while keeping the temperature at —60 °C. The reaction mixture is
stirred at —60 °C for 2 h, then at room temperature overnight. The solvent is removed in
vacuo, resulting in the formation of a gelatinous solid. n-Pentane is added to the solid to
precipitate the magnesium salts. The salts are removed by filtration through Celite®, and then
the solvent is removed in vacuo. This procedure is repeated a second time so as to ensure
removal of the maximum amount of salts. The crude product is purified by vacuum
distillation (50-55 °C, 0.01 mbar). The target compound is isolated as a colorless liquid in
63% yield. NMR (*H, 3P{*H}) and IR data for 1 can be found elsewhere.>® *®F NMR (376.5
MHz, CDCls, ppm): 6 -161.1 (m, 2F; meta), —151.0 (t, 3Jer = 20.3 Hz, 1F; para), —135.1 (m,
2F; ortho). $3C NMR (100.6 MHz, CDCls, ppm): 6 16.9 (d, 3Jpc = 6 Hz; CHs), 64.4 (d, 2Jpc =
15.4 Hz; CHy), 115.3 (dm, YJpc = 55.7 Hz; ipso), 137.6 (dm, LJcr = 254 Hz; meta), 142.6 (dm,
ek = 256 Hz; para), 147.1 (dm, YJcr = 249 Hz; ortho). El+ MS (70 eV) m/z (%): 288 (17)
[M]", 243 (38) [M—OCH2CHzs]", 168 (31) [CeFsH]", 121 (11) [P(OCH2CHz3)2]".

CsFsP(O)(OC2Hs)2 (2). A 500-mL flask equipped with a magnetic stir bar is charged
with a 24.906 g portion of phosphonite 1 (86.5 mmol). Compound 1 is diluted with 200 mL of
acetone. An 8 mL portion of hydrogen peroxide solution is added dropwise to the acetone
solution while cooling the mixture with an ice bath. After addition is complete, stirring is
continued overnight. Acetone is removed on a rotary evaporator. The remaining liquid is
transferred into a separatory funnel. Water is added so as to increase the volume of the

aqueous layer, and then the product is extracted with dichloromethane (3 x 50 mL). The
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organic layers are combined and dried over magnesium sulfate. After removal of the drying
agent and evaporation of the dichloromethane, the product is purified by vacuum distillation
(78-82 °C, 0.1 mbar). Yield = 50%. NMR (*H, *°F, 3P{*H}), IR, and MS data for 2 have been
reported previously.>*°® 3C NMR (100.6 MHz, CDCls, ppm): 6 16.6 (d, 3Jrc = 7 Hz; CHj3),
64.1 (d, 2Jpc = 6 Hz; CH>), 105.0 (dm, YJpc = 185 Hz; ipso), 138.1 (dm, YJcr ~ 253 Hz; meta),
144.4 (dm, YJcr =~ 260 Hz; para), 147.8 (dm, Jcr ~ 256 Hz; ortho).

CeFsP(0O)(0OSiMes)2 (3). A 250-mL flask equipped with a magnetic stir bar is charged
with a 5.353 g portion of phosphonate 2 (17.6 mmol). Compound 2 is diluted with 100 mL of
anhydrous dichloromethane. A 6 mL portion (35 mmol) of iodotrimethylsilane (purity = 83%)
is added dropwise to the dichloromethane solution while cooling the mixture with an ice bath.
Stirring near 0 °C is continued for 2 hours, and then the mixture is allowed to come to room
temperature overnight. The volatiles are removed in vacuo with heating to 70 °C, giving an
oily brown solid. Yield = 86%. 'H NMR (200.1 MHz, CDCls, ppm): & 0.37 (s, 18H; CHs).
F NMR (235.4 MHz, CDCls, ppm): & —160.7 (m, 2F; meta), —148.2 (broad, 1F; para),
—132.1 (m, 2F; ortho). 3C NMR (100.6 MHz, CDCls, ppm): ¢ 1.1 (s; CHs), 107.7 (dm, YJpc =
193 Hz; ipso), 137.9 (dm, YJcr ~ 254 Hz; meta), 143.7 (dm, YJcr ~ 259 Hz; para), 147.2 (dm,
Lcr ~ 254 Hz; ortho). *'P (81.0 MHz, CDCls, ppm): § —15.4 (m). #Si (39.8 MHz, CDCls,
ppm): § +25.2 (s). IR (CCls, cm™): v 1255 (s, 8s(CHs)), 1228 (m, v(P=0)), 1057 (s, v(P-O-
Si)). ElI+ MS (70 eV) m/z (%): 465 (8) [M+Si(CHs)s]", 393 (4) [M+H]*, 377 (100) [M—CHs]",
305 (13) [M-CHs-Si(CHas)s+H]*, 73 (92) [Si(CH3)3]*. Anal. Calcd for CiHisFsO3PSiy
(392.41): C, 36.73; H, 4.62; F, 24.21; P, 7.89. Found: C, 34.85; H, 4.32; F, 22.53; P, 8.05.

CeFsP(O)(OH)2 (4). A 250-mL flask equipped with a magnetic stir bar is charged with
an 8.64 g portion of trimethylsilyl ester 3 (22.0 mmol). Compound 3 is solubilized in 125 mL
of dichloromethane. A 10 mL portion of water (556 mmol) is added to the dichloromethane
solution. The mixture is refluxed for 1 h. Water is added so as to increase the volume of the
aqueous layer, then this layer is separated from the organic phase. The aqueous layer is
washed several times with dichloromethane. Phosphonic acid 4 is extracted by washing the
aqueous phase with several portions of diethyl ether. Subsequently, the aqueous layer is
saturated with sodium chloride and washed three more times with diethyl ether. The ether
fractions are combined and dried over magnesium sulfate. A yellowish powder is recovered
after removal of the drying agent and evaporation of the solvent. A white solid is obtained
upon washing the yellowish powder with dichloromethane and drying in vacuo. Yield = 70%.

The X-ray powder pattern of the solid matches that of 4.4.H20. DSC: 54.1-71.6 °C
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(endotherm, loss of water), 178 °C (endotherm, triple point). Literature melting point: 141-
142 °C.%55" The H, BC{*F}, °F, and 3P NMR data of 4 in DMSO-ds can be found in ref.8
IR (ATR, cm™): v 3250 (v br, v(O-H)u20), 2788 (v br, v(O-H)pon), 2174 (v br, v(O-H)eon),
1234 (m, v(P=0)), 1027 (s, v(P-OH)), 963 (vs, v(P-OH)). FAB+ MS (GT) m/z (%): 993 (1)
[4AM+H]*, 745 (5) [3M+H]*, 497 (33) [2M+H]*, 249 (100) [M+H]*. Anal. Calcd for
CeH2Fs03P-0.5 H2O (257.05): C, 28.04; H, 1.18; O, 21.78. Found: C, 27.82; H, 0.90; O,
21.52.

Crystallization Experiments. 4.4.H,O. About 50 mg of acid 4 were dissolved in a 8-
mL portion of diethyl ether, and a 4-mL portion of CCls was added to the solution. The
mixture was allowed to evaporate slowly to dryness, giving colorless crystals. X-ray
diffraction (single-crystal and powder) shows that 4.4.H20 is the only phase present.
Alternatively, single crystals with the same lattice constants can be obtained upon
crystallization of 4 from a 2:1 v/v mixture of diethyl ether and benzene.

4.4-H30*. Compound 4 was dissolved in a few milliliters of a concentrated
hydrochloric acid solution. The clear solution was allowed to evaporate slowly to dryness,
giving colorless crystals. X-ray diffraction (single-crystal and powder) indicates that a
mixture of 4.4-.HsO* and 4.4.H20 is present.

4.4-NH4*. Equimolar amounts of 4 and ammonium nitrate were dissolved in
methanol. The resulting solution was allowed to evaporate slowly to dryness, giving colorless
crystals.

4-.DMA*. Compound 4 was dissolved in DMF. The solution was allowed to evaporate
slowly to dryness, giving colorless crystals. X-ray crystallography shows that the crystals
contain dimethylammonium cations due to decomposition of the solvent.

4-.DMA*.H20. Compound 4 was dissolved in DMF. The solution was allowed to
evaporate slowly to dryness, giving colorless crystals. X-ray crystallography shows that the
structure contains dimethylammonium cations and water molecules.

4.4-.DMA*. Compound 4 was dissolved in DMF, and then a few drops of a
concentrated hydrochloric acid solution were added. The mixture was allowed to evaporate
slowly to dryness, giving colorless crystals.

4-.DMA*.NH4*". Equimolar amounts of 4 and ammonium chloride were dissolved in
DMF. The resulting solution was allowed to evaporate slowly to dryness, giving colorless

crystals.



4-.Gly*. Equimolar amounts of 4 and glycine were dissolved in water. The resulting

solution was allowed to evaporate to dryness, giving colorless crystals.

Single-Crystal X-ray Diffraction. X-ray diffraction data were collected at low
temperature (100(2) or 180(2) K) on a Bruker-AXS APEX Il QUAZAR diffractometer
equipped with a 30W air-cooled microfocus source (for 4.4-.DMA*, 4-.Gly*, 4~.DMA*.H20,
4.4~ H3O*, and 4.4-.NH4"), or an Oxford Diffraction GEMINI EOS instrument (for
4~ DMA*.NH4*, 4-DMA*, and 4.4.H20). The Mo Ka radiation (. = 0.71073A) was used in
each experiment. The structures were solved by direct methods using SHELXS-97%® or
SIR92,° and refinement was carried out by the least-squares method on F? with use of the
SHELXL program.®® All non-hydrogen atoms were refined with anisotropic displacement
parameters. Hydrogens bonded to carbon atoms were refined isotropically at calculated
positions using the riding model. All N-bound and O-bound H atoms were located in
difference Fourier maps. O-H distances for H3O" in 4.4~.HsO* and water molecules in
4.4.H20 were restrained to 0.85(2) A with free Uis(H) values. Likewise, O-H distances of
hydroxyl groups were restrained to 0.84(2) A in 4-.DMA* and 4-.Gly*, and N-H distances
were restrained to 0.91(1) A in 4-.Gly*. For some hydrogen-bonded systems, the SADI
instruction was used to make O-H or N-H distances approximately equal within a certain
standard deviation. For 4".DMA*, a model was found in which the two independent
pentafluorophenyl groups are disordered over two positions with occupancy factors close to
0.5. Similarity restraints on bond lengths and angles as well as on displacement parameters
were used to model these disorders. For 4.4.H20, the crystal investigated was twinned, and
the twin law (100, 010, %01) was determined by the TwinRotMat software implemented in
PLATON.%! The two domains found were refined to a volume ratio of 30:70. Crystallographic
parameters and basic information pertaining to data collection and structure refinement are

summarized in Table 1. Structure drawings were done with OLEX2.°2

Calculation Method. Computation of very soft materials with a cohesive energy
mostly dominated by van der Waals forces, at finite temperature, is still a great challenge. It
requires the use of a functional that includes dispersion contributions, and the utilization of
zero-point energy and finite temperature corrections by means of a statistical physics

approach.



A 148-atom unit cell, C4gH24028F40Pg, and a 222-atom unit cell, C72H26042Fg0P12, were
used to compute the structures of 4.4.H20 and 4.4-.Hs3O", respectively. Periodic electronic
structure calculations were performed using density functional theory (DFT) within the
PBE+D3 generalized gradient approximation.%® Projected augmented wave (PAW)
pseudopotentials®*®® were utilized as implemented in the VASP code.®%% I'-Centered (3 x 3 x
2) and (3 x 2 x 2) k-point meshes with the high k-point density in the direction of the smallest
unit cell parameter were employed respectively for the 4.4.H20 and 4.4~.H3O* polymorphs.
The structures were computed using a 550 eV cut-off (to account for the more electronegative
oxygen and fluorine atoms and to properly describe electronic polarization) with optimization
of the positions of all or just a part of the atoms present in the unit cell, with or without
optimization of the lattice constants. For all of the calculations, the residual forces on
optimized atoms were lower than 0.01 eV Al Vibrations were computed using finite
displacements of 0.01 A to derive the dynamic matrix that was diagonalized to extract
vibrational frequencies. Finite-temperature corrections and zero-point energies were
calculated from phonons using a physical-statistical approach, and these data were used to

obtain enthalpic and entropic vibrational contributions.
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RESULTS

Synthesis. Pentafluorophenylphosphonic acid (4) was synthesized as shown in
Scheme 1. In a first step, pentafluorophenylmagnesium bromide is allowed to react with
diethyl  chlorophosphite  in  anhydrous diethyl ether to produce diethyl
pentafluorophenylphosphonite 1. In a second step, phosphonite 1 is transformed into
phosphonate 2 by oxidation with H,O». Dealkylation of phosphonate 2 is next achieved by
reaction with two equivalents of iodotrimethylsilane to generate bistrimethylsilyl ester 3. In a
last step, hydrolysis of 3 gives smoothly phosphonic acid 4. The synthesis of phosphonite 1 is
inspired from previous work by Namestnikov and colleagues.>® Phosphonate 2 is also a
known compound that has been prepared in the past via a photochemical modification of the
Arbuzov reaction using (EtO)sP and CeFsl.>* Alternatively, a two-step process can be used to
make 2 that involves photochemical reaction between (EtO).POP(OEt)2 and CeFsl to produce
1, followed by oxidation of 1 with MesCOOH.*® As regards diacid 4, this compound can be
obtained by hydrolysis of tetrafluoro(pentafluorophenyl)phosphorane.®® In addition,
mechanistic studies show that 4 forms when solutions of CeFsPF, or CsFsP(OCHz3). are
treated with HSO3F, followed by hydrolysis.>” Last, quite recently, an alternative strategy to
prepare 4 was reported by a German group.!® The procedure involves the synthesis of
bis(diethylamino)pentafluorophenylphosphane by the reaction between CsFsMgBr and
CIP(NEt2)., followed by hydrolysis of CeFsP(NEtz)> with aqueous HCI to produce the
corresponding phosphinic acid. In the last step, mild oxidation of the phosphinic acid with
DMSO and catalytic quantities of iodine in methyl tert-butyl ether (MTBE) affords 4.
Interestingly, in our hands, we have found that 4 crystallizes with half a mole of water per
mole of acid, as proven by coupled TGA-DSC, infrared, and elemental analyses. Furthermore,
the X-ray powder pattern of the as-synthesized material matches that of 4.4.H20 (vide infra).
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F F F F
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Scheme 1. Synthesis of pentafluorophenylphosphonic acid (4).

Single-Crystal X-ray Diffraction Studies. Structure of 4.4.H,0. Crystals of 4.4.H2.0
resulted from attempts to prepare inclusion compounds showing intermolecular C-Cl---nr and
e contacts,?427:35-%8 py crystallization of 4 in the presence of CCls and benzene. X-ray
diffraction reveals that the awaited assemblies did not form; instead, crystals with 2
CeFsPOsH2, H2O as a formula moiety were obtained. This compound crystallizes in the
triclinic space group P 1 with Z = 4 (Table 1). There are four CeFsPOsH2 molecules in the
asymmetric unit and two water molecules. All of the components occupy general positions.
Variable-temperature XRD measurements indicate that no phase transition occurs in the range
100-298 K.
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Table 1. Crystal data and experimental details of data collection and refinement for phosphonic acid 4 and its derivatives.

Formula sum

Formula moiety

Fw
Cryst color and
habit

Cryst size (mm?3)

Cryst system
Space group
a (A)

b (A)

c(A)

a (%)

B ()

7(®)

V(A

Z

T (K)

4.4 H20
Ci2HeF1007P
2 CeH2F505P,
H20

514.11

colorless block

0.60 x 0.50 x
0.08
triclinic

P 1(No.?2)
9.5620(6)
10.4839(6)
16.8957(13)
85.308(5)
81.885(6)
89.935(4)
1671.07(19)
4

193(2)

4.4~ H3O*
C12HeF1007P
CeH2FsO3P,
CsHFs03P, H30

514.11

colorless stick

0.20 x 0.04 x
0.04
triclinic

P 1(No.?2)
9.5498(9)
15.7343(13)
18.8613(16)
112.232(3)
91.645(3)
103.024(3)
2535.4(4)

6

100(2)

4.4~ NH4*
C12H7F10NOgP
CeH2Fs03P,
CesHF503P, H4N

513.13

colorless needle

0.30 x 0.04 x
0.04
triclinic

P 1(No.?2)
6.2262(11)
7.9166(15)
17.480(3)
87.040(6)
83.550(6)
83.599(5)
850.1(3)

2

100(2)

4-.DMA*
CsHoFsNOsP
CsHFsOsP,
C2HsN

293.13

colorless block

0.20 x 0.18 x
0.16
triclinic

P 1(No.?2)
9.4823(3)
10.5287(4)
11.8909(5)
90.295(3)
92.806(3)
95.155(3)
1180.87(8)
4

180(2)

13

4-.DMA*.H20
CgH1:FsNO4P
CsHFsOsP,
Cz2HsN, H20

311.15

colorless needle

0.16 x 0.02 x
0.02
orthorhombic
P2,2;2; (No. 19)
4.7982(4)
13.3696(11)
18.3914(15)
90

90

90
1179.81(17)
4

100(2)

4.4~ DMA*
C14H11F10NO6P2
CeH2Fs03P,
CsHFs03P,
CoHgN

541.18

colorless plate

0.16 x 0.12 x
0.04
triclinic

P 1(No.?2)
7.5369(4)
7.7477(4)
18.7900(12)
85.025(3)
85.276(3)
61.828(3)
962.52(10)
2

180(2)

4-.DMA*.NH4*
C7H7FsNOsP
CsHFsOsP, 0.5
CaoHsgN, 0.5 HsN

279.11

colorless plate

0.22 x 0.18 x
0.16
monoclinic
C2/c (No. 15)
19.0062(3)
14.2003(2)
7.52600(10)
90
91.2130(10)
90
2030.77(5)

8

100(2)

4-.Gly*
CgH7FsNOsP
CeHFs04P,
C2HeNO>

323.12

colorless needle

0.08 x 0.04 x
0.02
monoclinic
P2; (No. 4)
13.8013(10)
4.8796(3)
17.0431(12)
90
101.874(4)
90
1123.21(13)
4

180(2)



Peaica (g €M)
F(000)
#(mm)
Tmin, Tmax
@range (°)

Index ranges

Data collected
Unique data, Rint
<o(l)/1>*

Obsd data (I >
20(1))

L.S. params,
restraints

R,® Ru® (obsd
reflns)

R,® Ru® (all reflns)

Wd

Max shift/esd
S

2.043

1016

0.408

0.86587, 1.00000
2.979-29.588
~13<h<12,
~14<k<14,
—22<1<23
103215

68754, 0.0390
0.0385

50823

600, 26

0.046, 0.1216

0.0641, 0.138
[F*(Fo) +
(0.0597P)? +
1.4906P]
0.003

1.043

2.02

1524

0.403

0.6987, 0.7463
1.176-32.202
-14<h<14,
-23<k<23,
-28<1<28
99906

17748, 0.0769
0.0689

10945

910, 4

0.0487, 0.0992

0.1022, 0.1243
[*(Fo) +
(0.0413P)? +
1.8587P] !
0.016

1.017

2.005

508

0.398
0.6612, 0.7461
1.173-25.35
—-7<h<7,
-9<k<9,
-21<1<21
17962

3128, 0.0493
0.0323

2750

301, 15

0.0804, 0.2036

0.0886, 0.2076
[o*(Fo°) +
(0.0425P)? +
11.8512P]

0

1.167

1.649
592
0.299

0.94463, 1.00000

3.032-27.484
-12<h<12,
-13<k <13,
-15<1<15
40212

5405, 0.041
0.0276

4213

539, 730

0.0378, 0.0882

0.0564, 0.0969
[A(F) +
(0.0448P)? +
0.4162P]
0.001
1.030

14

1.752

632

0.311
0.6922, 0.7461
2.215-30.533
—-6<h<6,
-19<k <19,
-26<1<26
52102

3607, 0.0512
0.0222

3344

192,0

0.0262, 0.0654

0.0309, 0.0679
[A(F) +
(0.0333P)2 +
0.3080P]
0.006

1.094

1.867

540

0.357
0.6977, 0.7463
1.089-27.876
-9<h<9,
-10<k <10,
—24<1<24
34568

4589, 0.0439
0.0266

3732

315, 4

0.0355, 0.0804

0.0477,0.0874
[6*(Fo?) +
(0.0301P)? +
0.7962P]
0.001

1.07

1.826
1120
0.343

0.93040, 1.00000

2.869-27.877
—24<h<24,
-18 <k <18,
-9<1<9
34397

2425, 0.0234
0.0096

2285

172,1

0.0249, 0.0661

0.0266, 0.0673
[6*(Fo?) +
(0.0319P)? +
2.3968P]
0.001

1.05

1.911

648

0.337
0.6921, 0.7461
1.221-33.867
-21<h<21,
-7<k<7,
-26<1<26
27352

8661, 0.0336
0.056

6316

391,11

0.0415, 0.0834

0.0707, 0.0948
[A(F) +
(0.0412P)? +
0.1567P]
0.001

1.024



Apmin, Apmax (8 —0.631, 0.539 -0.617,0.704 -0.774, 1.055 -0.269, 0.302 -0.252, 0.361 -0.326, 0.32 -0.315, 0.402 -0.383, 0.351
A

a<g(1)/I> is the mean ratio of the experimental intensity standard deviation over the intensity for all reflections. °R = X ||Fo| — |F¢|| / = |Fo|. Rw = [Z (W (Fo? —
F?)?) 12 (W (Fo?)?)]M2. 9P = [Fo? + 2F7)/3.
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When viewing the structure down the a-axis, a bilayer stacking motif is evident
(Figure 1). In this motif, each polar region made of PO3Hs groups and water molecules is
separated from the next polar region by two non-interpenetrated layers of CeFs fragments.
This stacking motif is reminiscent of that found in lipid bilayers. Also, a similar 2D
arrangement has been reported recently for cadmium benzylphosphonate and several
fluorinated derivatives.%® Water molecules are essential to ensure cohesion of the assembly.
As can be seen from Figure 1, facing sheets of POsH> groups in the polar region are separated
by one sheet of water molecules. Hydrogen-bonding interactions are observed between POsH>
groups and water molecules (see Table S1 in the Supporting Information), but no interaction
is detected between PO3zH. groups from facing layers. In the a-direction, CsFsPOsH> units
arrange in columns due to P-OH---O=P hydrogen-bonding interactions (Table S1), and these
columns are connected with one another by rows of water molecules along b. Two types of
hydrogen-bond networks involving water molecules are found, P-OH---H,O---HO-P and
P=0---HOH---O=P networks. The separation distance between water molecules along a
alternates between 4.794(4) and 4.801(4) A. The spacing between these molecules along b is
either 5.247(7) or 5.270(7) A. Thus, water molecules are isolated and show no interaction
with their neighbors (no H-bonded water chains are noticed). The separation distance between
mean POzH; planes from facing layers in the polar region is 4.056 A, and the separation
distances between the two mean POsH> planes and the mean water plane are about half of that
distance, i.e. 2.004 and 2.052 A. Furthermore, the aforementioned O-H---O hydrogen-bond
networks are supplemented by C-F---H-O interactions and CeFs---CsFs interactions. The
geometrical parameters of the C-F---H-O interactions (Table S1) are in line with values
previously reported for organics.?® Concerning CsFs---CgFs interactions, these interactions are
of two types, C-F---F-C contacts and C-F---rt¢ contacts.?6%%72 The former interactions exist not
only between CeFs fragments located in the same layer, but also between CsFs fragments
situated in facing layers. Type | and type Il C-F---F-C interactions are both observed (Table
S1).268971 Interestingly, it must be pointed out that intermolecular interactions involving
fluorine atoms, especially those of the F---F type, are more repulsive than attractive in nature,
and this issue has been discussed in detail in two recent publications.”>"* As regards C-F---nt
contacts, these interactions seem to be weak (Table S1). Certainly, they are much weaker than
that observed in the structure of the anhydrous form of CeFsPOsH,, for which a C-F---Cg
distance of 3.279 A is measured with a C-F---Cg angle of 135.23°.18
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Figure 1. Unit cell of 4.4.H20 viewed along a showing a bilayer stacking motif.

Serendipitous Discovery of a Polymorphic Structure of 4.4.H;0O: 4.4-.H3O*. The
ability of 4 to self-assemble with chloride ions was tested by crystallization of the latter from
a concentrated hydrochloric acid solution. Interestingly, single-crystal X-ray diffraction
showed that the expected assembly did not form and, instead, crystals with CgFsPOsH>,
CeFsPO3H-, H3O" as a formula moiety were obtained. The unexpected compound, 4.4-.HzO*,
crystallizes in the triclinic space group P 1 with Z = 6 (Table 1). There are three CsFsPO3H;

molecules in the asymmetric unit, three CeFsPOsH™ anions, and three hydronium cations. All
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of the components occupy general positions. Variable-temperature XRD measurements
indicate that no phase transition occurs in the range 100-298 K.

4.4~ H3O" is a polymorph of 4.4.H20 owing to protonation of the included water
molecule by one phosphonic acid group. When viewing the structure down the a-axis (Figure
2), a bilayer stacking motif is visible that is similar to that encountered in the structure of
4.4.H20. In this motif, each polar region made of POsH> groups, POsH~ anions, and
hydronium cations is separated from the next polar region by two non-interpenetrated layers
of CeFs fragments. In the a-direction, CsFsPO3sH2 and CeFsPOsH™ units arrange in columns
due to P-OH---O=P/-O-P hydrogen-bonding interactions (see Table S2 in the Supporting
Information). Interestingly, all of the columns are not identical: one column out of three is
made solely of CsFsPOsH2 molecules, the next one of CeFsPO3H~ anions, and the third
column is a mix of CeFsPOsH2 and CsFsPOsH™ units. These three types of columns alternate
along b. The columns are connected with one another by two types of hydrogen-bond
networks, one involving exclusively phosphonate groups and one involving hydronium
cations (Figure 2). Hydronium cations arrange in columns along a, just like water molecules
do in the structure of 4.4.H20. Their spacing in this direction is either short (3.396(3) or
3.604(3) A), or long (6.002(3) or 6.247(3) A). In the b-direction, two types of hydronium
rows are visible, one that alternates short (5.398(2) A) and long (10.370(2) A) spacings, and
one that has only very long spacings (15.734(1) A). But hydronium cations also function as
glue between opposing sheets of POsH2/POsH~ groups in the polar region. As can be seen
from Figure 2, there is no direct hydrogen-bonding interaction between facing phosphonate
groups in the polar region, but the layers are separated by and hydrogen-bonded to one sheet
of hydronium cations. The separation distance between mean phosphonate planes from facing
layers in the polar region is 4.385 A, and the separation distances between the two mean
phosphonate planes and the mean hydronium plane are about half of that distance, i.e. 2.176
and 2.209 A. In addition, the structure exhibits numerous C-F---H-O interactions, C-F---F-C
contacts, and C-F---wr contacts that are comparable in strength to those encountered in the
structure of 4.4.H20 (Table S2).
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Figure 2. View along a of 4.4-.HsO* showing a bilayer stacking motif.

Comparison of the Structure of 4.4.H.O with those of anhydrous 4 and CsHsPOsH>.
Evidently, the structure of 4.4.H20 is quite different from that of anhydrous CsFsPOsH.. The
structure of 4.4.H20 consists of a succession of layers that are all parallel and perpendicular
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to the c-axis (Figure 1). The layers are made of either POzH> groups, or water molecules, or
CeFs moieties. A layered A-B-A-B arrangement is evident when viewing the structure of
anhydrous CsFsPO3H> along a, the layers piling up along b (Figure 3). This time, however,
each layer consists of columns of hydrogen-bonded CeFsPOsH2 molecules. In each layer, the
columns are all parallel and tilted with respect to the b-direction of the cell. In one layer out of
two, the columns are tilted clockwise by 90°, and in the other layers the columns are tilted
anticlockwise by the same amount. The main interaction that ensures cohesion between layers
is C-F---mtr contact (Figure 3). Clearly, the structural differences that exist between 4.4.H20
and anhydrous CsFsPO3zH> is a consequence of the presence of water molecules in the former

compound that keep the PO3sH: groups in the same plane.

Figure 3. View of anhydrous C¢FsPO3H> along a showing a layered A-B-A-B arrangement.8

The structure of 4.4.H20 is also quite different from that of CsHsPOsH. First, unlike
4.4.H20, CeHsPOsH; crystallizes with a single-layer stacking motif, i.e., the structure consists
of a succession of polar regions made of PO3zH2 moieties and non-polar regions made of
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phenyl groups piling up along c (Figure 4). Secondly, there is no water molecule in the crystal
lattice of CsHsPO3sHo, so the polar region is quite compact. Specifically, in that region, the
mean separation distance between facing phosphonate planes is 2.151 A at 183 K and 2.204 A
at 295 K.23 Yet, in an analogous fashion to 4.4.H20, the structure of CsHsPOsH, exhibits

numerous C-H---w interactions that ensure cohesion of the non-polar region.

Figure 4. View along a showing the single-layer stacking motif present in CsHsPOsHa.2

Structure of 4.4=.NH4*. The ability of 4 to interact with nitrate ions was also tested by
crystallization of the latter in the presence of ammonium nitrate.?82%3 Crystals of 4.4-.NHs*

were obtained that have CsFsPOsH2, CsFsPOsH-, NH4* as an empirical formula. 4.4-.NHs*
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crystallizes in the triclinic space group P 1 with Z = 2 (Table 1). There is one CsFsPO3zH;
molecule in the asymmetric unit, one CeFsPO3zH™ anion, and one ammonium cation. All of the
components occupy general positions.

When viewing the structure down the a-axis (Figure 5), a bilayer stacking motif is
visible that is similar to those encountered in the structures of 4.4.H20 and 4.4-.H3O". In this
motif, each polar region made of POzH. groups, POsH~ anions, and ammonium cations is
separated from the next polar region by two non-interpenetrated layers of CeFs fragments.
Organization of the building blocks in the lattice of 4.4=.NH4" is reminiscent of that found in
4.4~ H3O". Similarly to 4.4-.H3O", CeFsPOsH2 and CsFsPO3sH™~ units arrange in columns in
the a-direction, with one column out of two made solely of CeFsPO3H> molecules, and the
next one containing only CsFsPOzH™ anions. These two types of columns alternate along b. In
these columns, CeFsPO3H> molecules and CeFsPOsH~ anions are all parallel but do not
interact with another. The separation distance between them is 6.226(1) A, i.e. the length of
the a-axis. The columns are connected with one another by two types of hydrogen-bond
networks, one involving exclusively phosphonate groups and one involving ammonium
cations (Figure 5). Ammonium cations arrange in columns along a, just like hydronium
cations do in the structure of 4.4-.HzO*. Their spacing in this direction is 6.226(1) A. In the b-
direction, the separation distance between ammonium cations is 7.917(2) A. As can be seen
from Figure 5, each ammonium cation in the polar region is kept in place tightly by four
hydrogen bonds with nearby oxygen atoms; three strong hydrogen bonds are detected and a
weaker one (Table S3). Thus, similarly to 4.4~.HzO*, ammonium cations serve as bridges
between CeFsPOsH2 and CsFsPOzH~ columns and keep opposing sheets of POsH2/POsH~
groups in close vicinity in the polar region. No interaction is detected between phosphonate
groups from facing layers. The separation distance between mean phosphonate planes from
facing layers in the polar region is 4.474 A, and the separation distance between each mean
phosphonate plane and the mean ammonium plane is half of that distance, i.e. 2.237 A. In
addition, the structure exhibits several C-F---H-O interactions, C-F---F-C contacts, and C-
F---m¢ contacts that are comparable in strength to those encountered in the structures of
4.4.H20 and 4.4-.H3O* (Table S3).

Two structures are known in which the ammonium benzenephosphonate entity is
present. The first structure was reported in 2008 by Ng et al. and has C¢HsPOsH-, NH4" as a

formula moiety.® This compound crystallizes in the orthorhombic space group Pbcn with Z =
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8, and its 3D arrangement is a bilayer stacking motif similar to that found in 4.4~.NH4*. The
second structure was reported in 2005 by an Indian team, and that structure is almost identical
to that of 4.4-.NH4*.* Specifically, its formula moiety is CeHsPOsHz, CsHsPOsH-, NH.4", it
crystallizes in the triclinic space group P 1 with Z = 2, and its cell dimensions are close to
those of 4.4-.NH4". Furthermore, its 3D arrangement is a bilayer stacking motif similar to that
found in 4.4~.NH4*, with layers consisting of an alternation of C¢HsPOsH. columns and
CeHsPOzH™ columns. Thus, in this particular case, replacement of the CsHs groups by CeFs
groups does not generate any significant change in the organization of the building units; this
is presumably because their organization is governed by the phosphonate-phosphonate and
ammonium-phosphonate hydrogen-bond networks, and not by interactions between aromatic

groups.
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Figure 5. View along a of 4.4-.NH4* showing a bilayer stacking motif.

Structure of 4-.DMA". Crystals of 4~.DMA* were obtained by crystallization of 4
from N,N-dimethylformamide (DMF). The formula moiety of 4-.DMA®* is CeFsPOsH",
C2HsN*. This compound crystallizes in the triclinic space group P 1 with Z = 4 (Table 1).

24



There are two pentafluorophenylphosphonate anions in the asymmetric unit and two
dimethylammonium cations. All of the components occupy general positions.

The dimethylammonium cation present in the structure does not originate from the salt
used during crystallization. It originates from decomposition of the solvent by the strongly
acidic phosphonic acid. A similar situation has been observed previously in the synthesis of
several hybrid iodoplumbates, in which hydrolysis of an amide with hydriodic acid was used
to generate the organic cation incorporated in the structure.” Interestingly, unlike the previous
compounds, 4-.DMA* crystallizes with a single-layer stacking motif, i.e., the structure
consists of a succession of polar regions made of PO3H~ anions and dimethylammonium
cations, separated along b by interpenetrated layers of pentafluorophenyl groups (Figure 6).
The latter groups are disordered over two positions in a ratio close to 50:50.

The structure of 4~.DMA" is organized by numerous O/N-H---O, C-F---F-C, and C-
F---mt interactions, as noticed in the previous structures. Only one C-F---H-O interaction is
detected, but a large number of C-H---O and C-F---H-C interactions involving the methyl
groups of the dimethylammonium cation are observed (Table S4). Dimethylammonium
cations are sandwiched between two layers of POsH™~ groups in the polar region. Given the
bulkiness of these cations, it was anticipated that the separation distance between facing
POsH~ planes would be much larger than the distances observed in the previous structures.
Interestingly, however, the opposite situation is observed, i.e., the separation distance between
mean POsH- planes is only 3.737 A. Furthermore, the separation distances between the two
mean POsH™ planes and the mean dimethylammonium plane are about half of that distance,
i.e. 1.867 and 1.870 A. Close examination of the structure of 4~.DMA* reveals that this is
because the methyl groups protrude in the PO3H™ layers and occupy void spaces near the CeFs
moieties. Thus, for layered materials like the ones studied here, the single-layer stacking motif
iIs the best suited arrangement for accommodation of cations with large sizes.

One structure is known of a phenylphosphonic acid salt incorporating
dimethylammonium cations.” The latter structure is different from that of 4-.DMA?: first, it is
a multi-component system of empirical formula CoHgN*, CeHsPO3H-, 2 C¢HsPO3zH». Second,
inspection of its packing indicates that it has a partially interpenetrated bilayer structure, with
non-polar regions in which phenyl groups are not all parallel but some groups are oriented

perpendicular to other groups.
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Figure 6. View along ¢ of 4~.DMA* showing a single-layer stacking motif.
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Structure of 4-.DMA*.H>O. Crystals of 4".DMA".H20O were obtained by
crystallization of 4 from DMF. The formula moiety of 4-.DMA*.H20 is CsFsPO3sH-, CoHgN*,
H20. This compound crystallizes in the orthorhombic space group P2:2:12; with Z = 4 (Table
1). There is one pentafluorophenylphosphonate anion in the asymmetric unit, one
dimethylammonium cation, and one water molecule. All of the components occupy general
positions.

As already pointed out in the case of 4~.DMA, the dimethylammonium cation present
in the structure originates from decomposition of the DMF solvent by the strongly acidic
phosphonic acid. Beyond that, three major structural differences exist between 4-.DMA*.H20
and 4-.DMA"*: first, one water molecule is found in the lattice. Second, the compound
crystallizes in the chiral space group P21212; with a Flack parameter of 0.02(3), meaning that
the structure is homochiral. Third, the pentafluorophenyl groups are not disordered.

The structure of 4~.DMA*.H20 looks very similar to that 4~.DMA™: it crystallizes
with a single-layer stacking motif, i.e., the structure consists of a succession of polar regions
made of POszH~ anions and dimethylammonium cations separated in the c-direction by
interpenetrated layers of pentafluorophenyl groups (Figure 7). Interestingly, unlike Nafion®,
water molecules are not located in the polar regions but occupy void spaces between
pentafluorophenyl groups in the non-polar regions. These molecules show no disorder, as they
are at the heart of an intricate hydrogen-bond network. First, they display short O-H.--F-C
interactions with nearby pentafluorophenyl groups (Table S5). Second, they interact with
phosphonate groups via O-H---O hydrogen bonds and with dimethylammonium cations via C-
H---O contacts. Third, they are bonded to one another and form chains that run along a. The
presence of water molecules in the non-polar regions has also an impact on CgFs---CsFs
interactions: because of the increased distance between aromatic groups, fewer C-F---F-C, and
C-F---mt interactions are observed in comparison with the previous structures (Table S5). The
separation distance between mean POsH- planes from facing layers is quite short, 2.698 A,
because of the protrusion of the methyl groups of the dimethylammonium cations in the

POsH™ layers. No interaction is detected between phosphonate groups from facing layers.
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Figure 7. View along a of 4~.DMA*.Hz20 showing a single-layer stacking motif.

Structure of 4.4-.DMA*. Crystals of 4.4-.DMA* resulted from attempts to crystallize 4
from a DMF solution containing a few drops of a concentrated hydrochloric acid solution.
The formula moiety of 4.4-.DMA* is CsFsPOsH2, CsFsPOsH-, C2HsN*. This compound
crystallizes in the triclinic space group P 1 with Z = 2 (Table 1). There is one
pentafluorophenylphosphonic  acid  molecule in  the asymmetric unit, one
pentafluorophenylphosphonate anion, and one dimethylammonium cation. All of the
components occupy general positions. Again, the dimethylammonium cation present in the
structure originates from decomposition of the DMF solvent by strong acid.

As previously noticed in the structures of 4-~.DMA* and 4~.DMA*.H:0, a single-layer
stacking motif is evident in the structure of 4.4-.DMA*. The layers pile up along ¢ (Figure 8).
Nonetheless, the stacking motif of 4.4-.DMA* is slightly different from that found in
4-.DMA* and 4-.DMA*.H20: in 4.DMA* and 4-.DMA*.H20, each phosphonate layer
contains only CeFsPO3H~ anions, resulting in an A"A~-C*-A-A~-C" stacking pattern (A"A- =
anionic layer made of phosphonate groups arranged in a head-to-tail fashion; C* = cationic

layer). In 4.4-.DMA*, one phosphonate layer out of two contains only CeFsPOsH2 molecules,
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and the next one is made solely of C¢FsPO3sH™ anions, resulting in a NN-C*-A-A~-C"-NN-C”*
arrangement (NN = neutral layer made of phosphonic acid molecules arranged in a head-to-
tail fashion). Such a remarkable arrangement is not observed in the structure of the hydro
counterpart CoHsN*, CeHsPOszH-, 2 CgHsPOsH..! The architecture of 4.4-.DMA* is
assembled by numerous O/N-H---O, C-H---O, C-F---H-O/N, and C-F---H-C hydrogen-bonding
interactions (Table S6), among which quite a few involve dimethylammonium cations.
Interestingly, only a limited number of C-F---F-C and C-F---x contacts are detected between
aromatic rings. Certainly, the reason for this situation is not to be sought in the presence of
water molecules between aromatic rings in the non-polar regions, as no water is present in
4.4-.DMA*. Close examination of the structure reveals the existence of two n-stacking
interactions between fluorinated rings with geometries similar to those found in regular
arenes.?>2" There is one face-to-face interaction and one parallel-displaced interaction (Table
S6). This arrangement is unusual for a perfluoroarene and could just be the result of enforced
proximity created by the packing of the building blocks. Nevertheless, by comparison with
the 7w interactions found in 2,3,4,5,6-pentafluorophenol (Cg--Cg = 4.313 A)"® and those
found in the bis(2,3,4,5,6-pentafluorophenol)-2,3,4,5,6-pentafluoroaniline molecular crystal
(Cg--Cg > 4.246 A),”77® these interactions look reasonably strong. The separation distance
between mean POsH,/PO3H™ planes from facing layers is very short, 1.774 A, because of the
protrusion of the methyl groups of the dimethylammonium cations in the layers. Furthermore,
unlike the previous structures, hydrogen-bonding interactions are detected between

PO3H2/POsH™ groups from facing layers.
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Figure 8. View along b of 4.4-.DMA" showing a single-layer stacking motif.

Crystals of 4-.DMA*.NHs* were obtained by

crystallization of 4 from a DMF solution containing equimolar amounts of ammonium
chloride. The formula moiety of 4~.DMA*.NH4" is CsFsPOsH-, 0.5 C2HgN*, 0.5 NH4". This

Structure of 4-.DMA*.NH4".

8 (Table 1). There is one

compound crystallizes in the monoclinic space group C2/c with Z
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pentafluorophenylphosphonate anion in the asymmetric unit, one half of a
dimethylammonium  cation, and one half of an ammonium cation. The
pentafluorophenylphosphonate anion occupies a general position, whereas the ammonium and
dimethylammonium cations sit on twofold rotation axes. Dimethylammonium cations
originate from decomposition of the DMF solvent by the phosphonic acid.

As can be seen in Figure 9, 4.DMA*.NH4" crystallizes with a single-layer stacking
motif. The layers pile up along a. This situation is remarkable, as it shows that when small
cations and larger ones are present at the same time in a layered system like the ones studied
here, the resulting stacking motif is the one imposed by the larger cations. Yet, this assertion
should be tempered, as the single-layer stacking motif observed in 4-~.DMA*.NH4" is slightly
different from those observed up to now. Specifically, in the present case, each non-polar
region does not consist of pentafluorophenylphosphonate anions pointing alternatively
upwards or downwards. Instead, pentafluorophenylphosphonate ions assemble in pairs, and
each pair points alternatively upwards or downwards. Consequently, large hydrophilic
channels delineated by NH,* and POsH~ moieties are created in the c-direction that contain
rows of NH4" cations (Figure 9). This arrangement allows for maximization of hydrogen-
bonding interactions between ammonium and phosphonate groups (Table S7). Interestingly,
also, it is reminiscent of the arrangement found in 4.4-.NH4*, for which a bilayer stacking
motif was observed (see above). So, even though the overall structure of 4~.DMA*.NH4*
shows a single-layer stacking motif enforced by the large dimethylammonium cations, some
bits of it recall the bilayer stacking motif observed in the structure of 4.4-.NH4" made solely
of small NH4" cations. Unsurprisingly, no interaction is detected between phosphonate groups
from facing layers because these groups are kept apart by ammonium ions. The separation
distance between mean phosphonate planes from facing layers in the polar region is 4.382 A,
and the separation distance between each mean phosphonate plane and the mean nitrogen
plane is half of that distance, i.e. 2.191 A. Hydrophilic channels are surrounded by
hydrophobic ones that are delineated by (CH3)N and CsFs moieties (Figure 9). In this way, a
maximum number of C-F---H-C contacts are generated (Table S7). Moreover, the channels are
empty. CeFs---CeFs interactions are also present, but their contribution to the organization of
the structure seems to be a lot less significant than hydrogen-bonding interactions: no Cg---Cg
contact smaller than 4.0 A is noticed, and only one C-F---F-C and three C-F---xt interactions
are detected (Table S7).
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Figure 9. View along ¢ of 4~.DMA*.NH4* showing a single-layer stacking motif.

Structure of 4-.Gly*. The goal of this crystallization experiment was to force the

pentafluorophenyl moiety of 4 to interact with the carboxylate group of an amino acid. The
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amino acid that was chosen is glycine. X-ray diffraction shows that a two-component
assembly does form, but, disappointingly, the sought-after interaction is not observed. Instead,
protonation of the carboxylate group of the amino acid has taken place. This result is another
demonstration of the strong acidic character of 4. The formula moiety of 4-.Gly* is
CeFsPO3H-, HO2,CCH2NH3". This compound crystallizes in the monoclinic space group P2;
with Z = 4 (Table 1). There are two pentafluorophenylphosphonate anions in the asymmetric
unit and two glycinium cations. All of the components occupy general positions.

A single-layer stacking motif was anticipated for 4-.Gly* on the basis of the size of
glycine. X-ray diffraction shows that this is true; the direction of the layers coincide with the
diagonal of the ac face of the cell (Figure 10). The arrangement of the layers is the same as
those found in 4-.DMA* and 4-.DMA*.H20, i.e.,, each non-polar region consists of
pentafluorophenylphosphonate anions pointing alternatively upwards or downwards and, also,
all of the layers are identical in the stacking direction. The non-polar region shows no
abnormal feature: aromatic groups interact with one another through C-F---F-C and C-F---nt
interactions, and the strengths of these interactions are in line with those detected in the
previous structures. Furthermore, the distance between aromatic groups is 4.880 A,
suggesting the absence of any significant r---7 interaction between them.

The polar region is made of phosphonate groups and glycinium ions. The assembly is
held together by an intricate network of hydrogen bonds (Table S8). These interactions are
supplemented by C-F---H-O and C-F---H-C interactions with nearby CsFs groups. As can be
seen from Figure 10, phosphonate groups and glycinium ions assemble in groups of four to
give R4?(14) and R4*(12) hydrogen-bonded rings. These rings are connected to one another
and form a strip. The width of the strip is large, 4.119 A, thereby preventing interaction
between phosphonate groups from facing layers.

A large body of literature is available on the preparation of self-assembled structures
between glycine and a mono-, a di-, or a tricarboxylic acid. On the other hand, reports about
molecular crystal formation between glycine and a phosphorus-based acid are less numerous,
and only a handful of crystal structures have been published on such compounds. For
instance, assemblies prepared from glycine and mono- and diphenyl phosphate have been
characterized crystallographically,’®®° as well as those obtained from co-crystallization of
glycine with phosphoric and phosphorous acids.8% Interestingly, similarly to 4-.Gly*, all of

these structures show a layered arrangement.
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Figure 10. View along b of 4-.Gly* showing a single-layer stacking motif.

Another single-crystal X-ray diffraction analysis of 4-.Gly* was carried out at 293 K.
At this temperature, the space group is the same as that found at 180 K, i.e. P2z, and the
structure is indistinguishable from the low-temperature one. These results suggest the absence
of a ferroelectric phase transition in the 180-293 K range, in contrast to the situation observed

for other systems containing glycine. 3-8
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Computational Evaluation of the Structures of 2 CéFsPOsH2-H20 (4.4.H20) and
[(CeFsPO3sH™)(H30%)]-CeFsPOsH2  (4.4-.H3O*). Energy Calculations. Unlike crystal
structures obtained from neutron diffraction experiments, X-ray crystal structures suffer from
the large uncertainty on H-atom positions, which is linked to the low diffracting power of the
unique electron of hydrogen. Thus, evaluation of the quality of DFT calculations by direct
comparison with experimental X-ray structures is not possible, as the poor positioning of H-
atoms dominates the relaxation energy. As a result, in a first step, we have optimized the
positions of the H-atoms in the experimental unit cells, while keeping the coordinates of the
heavier atoms unchanged. By doing so, stabilization of the systems by up to 7.5 eV/formula
unit (f.u.), nearly 1 eV/H-atom, is observed (Table 2) for 4.4-.H3O* (hereafter called the
HsO* form) and 4.4.H20 (hereafter called the H2O form). These calculations confirm the
poor positioning of the hydrogen atoms in the experimental X-ray structures and, at the same
time, allow for a more accurate picture of the hydrogen-bonding schemes to be obtained. In
addition, for this partial relaxation, it is found that the energy difference between the H3zO*
and H20 polymorphs is small, 87 meV/f.u., with the H2O phase being more stable. The CIF
files of the computed structures with optimized H-atom positions are provided as Supporting

Information.

Table 2. Computed energy values for the H3O* (4.4-.H3O") and H20 (4.4.H20) forms of

pentafluorophenylphosphonic acid.

Experimental H-optimized  Optimized in Fully Zero-point  Finite- Free
structure experimental  experimental optimized energy temperature energy at
structure unit cell (harmonic) corrections 300 K
Enszo+ —229.455 —-233.959 —-234.293 -234.293  5.218 -0.733 —229.807
(eVv/f.u.)
Erzo —226.490 —234.046 —234.281 -234.283  5.233 -0.724 —229.772
(eVif.u)
AE —2.966 0.087 -0.011 —-0.010 -0.014 —-0.009 —-0.034
(eVv/f.u.)

Then, the overall quality of the calculations relative to the X-ray structure can be
evaluated by optimization of all atom positions in the experimental unit cell, starting from the
H-optimized structure. In this approach, the energy variation comes solely from the heavier

atoms that are correctly positioned by X-ray diffraction, a large relaxation implying a poor
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description of the chemical bonds by DFT (provided that complicating factors such as phase
transitions®’ are absent). This optimization leads to structures that are only 300 meV/f.u. (9
meV/atom) more stable than those derived from experiments. Furthermore, optimization of
the unit cells shifts the experimental lattice parameters by less than 0.6% and leads to
negligible energy changes. These findings strongly suggest that the DFT-D3 method used in
this work provides a correct description of the systems under consideration and makes
possible a direct comparison with the experimental results. The CIF files of the fully
optimized structures are available as Supporting Information. Furthermore, it is found that the
energy difference between the fully optimized HsO* and H20 phases is again quite small,
around 10 meV/f.u., but this time the H3O* phase is slightly more stable. With such a small
energy difference, zero-point energies and finite-temperature contributions cannot be
neglected and must therefore be computed.

The HsO* phase is further stabilized by 14 meV/f.u. relative to the H20 phase by
zero-point energy (Table 2). The main reason for this stabilization is the presence of H3zO"
ions in the H3O* phase that have, on average, weaker O-H bonds than H,O molecules in the
H20 phase, thereby resulting in a lower zero-point energy contribution. Finite-temperature
effects associated with enthalpic and entropic changes also stabilize the HzO* phase by 9
meV/f.u.; this stabilization stems from the fact that the H3O* phase has a slightly higher
density of low-energy phonons than the H20 phase. Combination of all of these effects leads
to a 34 meV/f.u. (< 1 meV/atom) stabilization of the H3O* phase relative to the H20 phase.
Clearly, the energy difference between the two phases is tiny, so it is difficult to conclude
definitely which one is more stable because of the inherent uncertainties of the DFT method.
However, it is evident that the two polymorphs are very close energetically, consistent with
the fact that they both can be isolated experimentally, and suggesting that they may compete
with each other depending on crystallization conditions.

Effect of lonization on Phase Stability. The H2O and HsO™* phases are polymorphs
with two salient differences: i) ionization of one CesFsPOsH. molecule according to the
equation C4FsPOsH, + H,0 2 C¢FsPOsH™ + H;07%; ii) the dissimilar organizations of the
CeFs groups in the non-polar regions (Figure 11).

In the case of the HsO* phase, half of the CsFsPOzH2 molecules present in the unit cell
are ionized. This creates a mix of neutral CeFsPOsH2 entities and negatively charged
CeFsPO3sH™ species. lonized species are usually disfavored relative to neutral ones, as charge

separation has an important energy cost. This cost can be estimated by computing the
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structure of a hypothetical ionized phase created by hydrogen transfer from half of the
CeFsPOsH: entities to H.O molecules in the H20 phase, and calculating the energy of the
local minimum. In this case, it is found that the ionized structure is 400 meV/f.u. less stable
than the neutral one. Conversely, it is possible to compute the structure of a hypothetical
enforced neutral phase created by H-atom transfer from HzO" cations to C¢FsPOsH™ anions in
the H3O* phase. Under such circumstances, the neutral structure is found to be unstable and
converges back to the ionized H3sO* phase, no local minimum being reached. Thus, in the
HsO* phase, there must be some effect that stabilizes substantially the ionized form relative to
the neutral form and that compensates for the 400 meV/f.u. associated with ionization. As the
two polymorphs show similar H-bond networks with about four hydrogen bonds per POs
group, it is clear that the origin of this stabilization has to be found elsewhere. Interestingly,
the two polymorphs show very different arrangements of the CeFs rings that might account for

this stabilization (see Figure 11).

Figure 11. Organization of the CgFs moieties in the computed H20 (A) and H3O* (B)

polymorphs. Rows of CeFs moieties with a same orientation are colored in blue or yellow.

Effect of Deprotonation on Electronic Structure. We next investigated the effect of the
differing arrangements of the CsFs groups on electronic structure in the two polymorphs. To
this end, we have computed the electron density variation associated with the transformation

of a neutral H20 phase into an ionized H3O" phase in two ways, one using the experimental
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H20 phase (4.4.H20) as a starting point and a hypothetical ionized H3O" phase as the end
product (Figure 12, top line), and one using a hypothetical neutral H2O phase as a starting
point and the experimental ionized H3sO* polymorph (4.4-.H3O") as the end product (Figure
12, bottom line). The hypothetical ionized H3sO* phase used in the top transformation of
Figure 12, abbreviated HsO*(hypo.), was created by forcing ionization of half of the
CeFsPO3H2 molecules present in the experimental H20 phase. The neutral H20 phase used in
the bottom transformation of Figure 12, abbreviated H20O(hypo.), was obtained by forced
proton transfer from H3O" cations to CsFsPOsH™ anions in the experimental HsO* phase.
From the perspective of the CeFs rings, formation of CeFsPOsH-and HsO" species by
protonation of H.O molecules by POsH, moieties induces an overall gain in electron density
for the cycles connected to POsH™ groups (see blue isosurfaces in Figure 12). Concomitantly,
a slight electron density loss is observed for the CsFs rings connected to neutral POsH2 groups
upon formation of H3O" species: a fraction of the charge density of the neutral molecule is
transferred to HsO* ions, probably through hydrogen bond strengthening (see yellow
isosurfaces in Figure 12). With ionization, there is also an increase in electron density
between aromatic rings, suggesting the formation of weak intermolecular bonds (see blue
isosurfaces in Figure 12). Nevertheless, these new bonds are quite different in the two
structures. For HzO*(hypo.), the response to ionization is the formation of pairs of CsFs rings
(red ellipse), while for the experimental HsO™ structure, there is a strong delocalization of the
electron density over several aromatic rings that generates some kind of =-conjugated
polymer (red wavy line). This suggests that, in the experimental HsO* form, stronger
intermolecular bonding interactions are created in comparison with HsO*(hypo.).

Therefore, in 4.4-.H3O*, ionization is compensated by: i) charge delocalization over
the pentafluorophenyl moieties; ii) a stabilizing electrostatic interaction between positively
charged CsFs moieties of CsFsPOsH2 molecules and negatively charged CeFs moieties of
CeFsPOsH™ ions; iii) stronger interactions between the aromatic rings of CsFsPOsH~ and
CeFsPO3sH2 species by intermolecular weak bond formation. As seen in Figure 12, charge
transfer and electrostatic interactions are also observed in HsO*(hypo.) upon forced
ionization of the experimental H20 phase, but electron delocalization and intermolecular
bond formation are far more limited. In this case, formation of a CeFs-CeFs dimer is observed,

instead of a network.

38



Negative Positive

H,O(hypo.)— H30% (exp.) | H,O(exp.)— H30% (hypo.)

Figure 12. Charge density variation upon ionization of half of the CsFsPOsH: entities into
CeFsPOsH- and H3O*. Top line: transformation of the experimental H2O phase into
Hs3O*(hypo.). Bottom line: ionization of H2O(hypo.) into the experimental H3O* phase. Left
column: yellow isosurfaces show the localization of electron deficient areas. Right column:
blue isosurfaces reproduce an increase in electron density. lonization induces the formation of
intermolecular bonds that generate either a dimer (red ellipse) or a polymer (red wavy line).

The increased interaction between CsFsPO3H™ and CeFsPOsH> fragments can be
rationalized using the computed molecular orbital diagram for the free species shown in
Scheme 2. Aromatic ring stacking is controlled mainly by the interaction between associated
frontier orbitals with the correct local symmetry. The relevant orbitals for CeFsPOsH: are the
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LUMO and HOMO-1 (as the HOMO is associated with the oxygen lone pair), and those for
CeFsPO3zH™ are the LUMO and HOMO-4 (as the HOMO to HOMO-3 orbitals are associated
with the oxygen lone pairs and the P=0 bonds). Upon formation of CsFsPOsH™ by ionization,
the electron-enriched species sees a shift of its molecular orbitals to higher energies because
of stronger electron-electron repulsion. Therefore, the HOMO-4 of CgFsPOsH~ and the
LUMO of CeFsPOsH2 become energetically closer and can interact strongly, the latter orbital
having the correct local symmetry to interact with the HOMO-4 of CeFsPOsH™. In
HsO*(hypo.), only dimers are created, which is not sufficient to compensate for the energy
penalty associated with ionization. In the experimental HzO* polymorph, the arrangement of
the CeFs groups is conducive to the formation of a pseudo-1D m-connected system that takes
advantage of charge delocalization over the neutral molecules and benefits from
intermolecular bond strengthening between aromatic moieties, thereby compensating for the
energy cost caused by ionization. As the widths of bands pertaining to molecular orbitals are
directly linked to orbital overlaps in crystal structures, delocalization in the two polymorphs
was investigated by looking at their density of states (DOS). The band at the top of the
conduction band and the one at the bottom of the valence band for both polymorphs are
associated mainly with the = and m* carbon-dominated molecular orbitals of the aromatic
moiety (see Figure S9). The two bands for the H3O* form show larger widths (by about 100
meV) than those of the H20 form. This suggests a stronger overlap between the orbitals of the
molecules in the H3O* polymorph and a more efficient delocalization. This greater overlap
can also be checked by computing the Fukui functions (f+ and f-).888° Consistently, the
computed Fukui functions (Figure S10) show that the H3zO* phase has more delocalized
electrons and holes than the H20 form. This is indicative of the existence of quite different
electronic mobilities: the H20 polymorph tends to form more localized electrons or holes,
while the H3O* polymorph exhibits more delocalized ones. As the last occupied and first
empty bands of the HsO" phase have larger widths, this induces a reduction of the band gap,
i.e. 3.10 eV for the H3O™" form and 3.21 eV for the H20 form.
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Scheme 2. Molecular orbital diagram showing the interactions between CeFsPOs3H~ and

CeFsPO3H; fragments.

In summary, subtle structural changes have a strong influence on the ionization of
pentafluorophenylphosphonic acid and modify its pKa value. Indeed, polymorphism turns
CeFsPOsH: into a stronger acid than water in the HsO* form. This situation is a consequence
of efficient charge reorganization with proton transfer and is linked with a strengthening of
intermolecular interactions. The ionization cost induced by protonation of water by the acid is
compensated by the more favorable stacking of the CeFs moieties made possible by a better
electronic delocalization. Thus, this family of fluorinated compounds may show interesting
prospects as molecular organic semiconductors, with their delocalization properties controlled
by polymorphism or by exchange of the protons with other cations. Interestingly, this
dichotomy in the arrangement of the Ce¢Fs groups is observed exclusively in the structures of
4.4.H20 and 4.47.H3O".
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DISCUSSION

Unlike guanidinium sulfonate systems in which guanidinium cations are essential to promote
the crystallization of the sulfonate anions with a layered arrangement, the construction from
pentafluorophenylphosphonic acid 4 of layered architectures with alternating polar and non-
polar domains is not contingent on the presence of a structuring cation. In this respect, this
acid is clearly a unique building block. Furthermore, it has the amazing ability to co-
crystallize with neutral or cationic species, yielding polar regions where only neutral 4, or
only 4-, or mixtures of 4 and 4~ species coexist. This leads to many different structures that
are organized by ionic and H-bonding interactions depending on the protonation state of the
POz moieties. Furthermore, as shown computationally, the polar and non-polar regions are
interdependent, as ionized POz~ moieties induce electron donation to the aromatic rings they
are connected to, while PO3H groups are associated with electron-accepting phenyl rings. As
a result, a change in the protonation state of the phosphonate groups in the polar region
modifies the interactions between aromatic rings in the non-polar region, thereby inducing
structural changes. Such changes are evident when comparing the structure of 4.4.H20 with
that of its 4.4-.HsO* polymorph. This structural versatility suggests that a large variety of
assemblies based on 4 should be accessible, the present work reporting on just a few of them.
In addition, the electronic structure of 4-based crystals can be tuned to incorporate purely
donor, purely acceptor, or mixed donor/acceptor aromatic rings, giving rise to electron
localization/delocalization phenomena. This makes these materials potentially useful for
certain types of technological applications. Especially, derivatives of 4 could be of interest in
the field of molecular electronics, as shown in the theoretical section. Some of the crystals
exhibit electron delocalization and probably electron conduction throughout the non-polar
domains, thus doping could be achieved by modifying the ionization of 4. Finally, 4-based
materials could also be suitable for molecular recognition through a modification of the ionic
and hydrogen bond networks in the polar regions, causing measurable changes in the
electronic properties of the non-polar domains. Compound 4 is a new brick for a new class of
hydrogen-bonded organic frameworks (HOFs) featuring the coupling between an ionic state

in the polar region and an electronic one in the non-polar region.
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CONCLUSION

In conclusion, the solid-state structures of pentafluorophenylphosphonic acid and its salts are
organized primarily by hydrogen bonding. The chief hydrogen bonding interactions are O/N-
H---O interactions, but C-H---O contacts are also important in stabilizing structures that
contain organic cations. Interactions involving perfluorophenyl groups are central as well, and
these interactions can have various forms, namely C-F---H-O/N, C-F---H-C, C-F---F-C, C-
F---mtr, and occasionally mtr---7tr contacts. Although the energies of these interactions are low in
comparison with O/N-H---O contacts, their large number undoubtedly helps increasing the
stability of the architectures by enhancing cohesion in the non-polar regions. Thus, novel
architectures differing significantly from those prepared from phenylphosphonic acid are
sometimes obtained. Furthermore, perfluoroaryl-based interactions are sufficiently flexible to
allow changes in the organization of the aromatic groups in response to changes (ionization)
occurring in the polar regions, as observed in the structures of 4.4.H20 and 4.4-.H3zO*. This
situation is quite unusual and may be regarded as some kind of acidity-modulated
polymorphism. Clearly, the use of perfluorophenyl moieties is an asset in crystal engineering
and supramolecular chemistry studies due to the plasticity of this grouping.

The size of included species (cation or neutral molecule) is important as well, and this
situation is reminiscent of that observed in guanidinium sulfonates. With small cations or
water molecules, bilayer stacking is possible because of the compact size of the cementing
agent and the ability to form multiple hydrogen bonds with nearby phosphonate groups in the
polar region. With bulky cations, bilayer stacking is unfavorable because the hydrogen-bond
network in the polar region would be loose, and the separation distance between phosphonate
layers would be quite large. Instead, single-layer stacking is observed. Such an arrangement
creates void spaces near the pentafluorophenyl groups where the bulky cation can nest. In
addition, this arrangement takes advantage of the numerous hydrogen bonds between the
methyl groups of the cation and the perfluorophenyl moieties located nearby. Ultimately, one
can surmise that, with very bulky cations, the layered arrangement will be disrupted and
reduced dimensionality will result (columns or discrete assemblies will be produced instead of
sheets). Such a situation has been observed previously for the hydrogenated counterparts,
namely 1,4-diazabicyclo(2.2.2)octane bis(phenylphosphonic acid),*® dicyclohexylammonium
hydrogen phenylphosphonate,® diisopropylammonium hydrogen phenylphosphonate,® and
(triphenylmethyl)ammonium hydrogen phenylphosphonate.®
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In addition, assemblies with compact non-polar regions are obtained that show no or
prohibitively small void spaces to accommodate solvent molecules, in sharp contrast with
guanidinium sulfonates. According to PLATON analyses,®* none of the structures described
herein contain residual solvent accessible voids. Thus, it is no surprise to find that it is
impossible to incorporate halides, oxo anions, carbon tetrachloride, or benzene molecules in
them. If such an endeavor could be achieved, it would certainly lead to complete structural
rearrangement to compensate for the large energy cost it would entail.

A lot remains to be done with 4 and its derivatives in terms of crystal engineering
studies. Especially, we have tried to co-crystallize phosphonate 2 with halide anions and
benzene molecules, but there again multi-component crystals could not be obtained. Perhaps
the replacement of the ethyl groups of 2 with substituents known to promote crystallization
such as phenyl and t-butyl groups will give better results. Furthermore, work is planned to
prepare metal complexes with 4 to see how the structures of these complexes compare with
those of the phenylphosphonate analogues. Various tests will then be conducted on these
complexes to see if the absence of groups capable of hydrogen bonding allows for the
existence of arene-perfluoroarene, anion-m, and lone pair-n interactions, and if these
architectures are capable of including solvent molecules. Last, of special note is the fact that
the para position of the perfluorophenyl ring is activated,*® so it is possible to replace the
fluorine atom borne by that carbon by other groups, which makes easy derivatization of 4 or
complexed 4 possible.
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LEGENDS

Scheme 1. Synthesis of pentafluorophenylphosphonic acid (4).

Scheme 2. Molecular orbital diagram showing the interactions between CeFsPOs3H~ and
CeFsPO3zH2 fragments.

Figure 1. Unit cell of 4.4.H20 viewed along a showing a bilayer stacking motif.

Figure 2. View along a of 4.47.HsO* showing a bilayer stacking motif.

Figure 3. View of anhydrous CsFsPOsH; along a showing a layered A-B-A-B arrangement. 8

Figure 4. View along a showing the single-layer stacking motif present in CsHsPO3H2.

Figure 5. View along a of 4.4-.NH4* showing a bilayer stacking motif.

Figure 6. View along ¢ of 4~.DMA" showing a single-layer stacking motif.

Figure 7. View along a of 4~.DMA*.Hz20 showing a single-layer stacking motif.

Figure 8. View along b of 4.4-.DMA* showing a single-layer stacking motif.

Figure 9. View along ¢ of 4~.DMA*.NH4* showing a single-layer stacking motif.

Figure 10. View along b of 4-.Gly* showing a single-layer stacking motif.

Figure 11. Organization of the CgFs moieties in the computed H20 (A) and H3O* (B)

polymorphs. Rows of CeFs moieties with a same orientation are colored in blue or yellow.

Figure 12. Charge density variation upon ionization of half of the CeFsPO3zH. entities into
CeFsPO3H- and H3O*. Top line: transformation of the experimental H2O phase into

HsO*(hypo.). Bottom line: ionization of H20(hypo.) into the experimental H3O* phase. Left
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column: yellow isosurfaces show the localization of electron deficient areas. Right column:
blue isosurfaces reproduce an increase in electron density. lonization induces the formation of

intermolecular bonds that generate either a dimer (red ellipse) or a polymer (red wavy line).
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Synopsis

Molecular crystals have been prepared from pentafluorophenylphosphonic acid and
characterized by single-crystal X-ray diffraction and computational methods. All of these
assemblies crystallize with a 2D layered arrangement. As in the case of guanidinium
sulfonates, two structural types have been recognized depending on the size of the included

species, a single-layer stacking motif and a bilayer stacking motif.

55



