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The first crystal and molecular structures of hydrated bis(n-perfluoroalkyl)phosphinic acids, [H3O]� [(Rf)2PO2]
�

(Rf = C6F13, C7F15 or C8F17), have been determined by single crystal X-ray diffraction. [H3O]�[(C6F13)2PO2]
� 1 and

[H3O]�[(C7F15)2PO2]
� 2 crystallize in the triclinic space group (P1̄) and [H3O]�[(C8F17)2PO2]

��Me2CO 3 crystallizes
in the orthorhombic space group Pca2(1). In each case the phosphorus atom is tetrahedral and the perfluoroalkyl
chains have a zigzag planar conformation. The structures consist of infinite sheets of the perfluoroalkyl phosphinate
held together by hydrogen bonding with the counter ion H3O

�. In compound 3 the additional solvent molecule
participates in extended donor–acceptor bonding and helps to expand the three dimensional structure. Some
close contacts between two atoms of two different molecules were also observed.

Introduction
Perfluoroalkyl phosphorus compounds have attracted attention
due to their potential applications as electrolytes with good cell
characteristics and in plastic optical fibers for data commun-
ications. Several surface and other applications of phosphinic
acids have also been claimed.1–4 Owing to non-polarizable
properties that fluorine brings to chemical bonds, perfluoro-
alkyl compounds tend to display lower boiling and melting
points compared to their corresponding non-fluorinated
analogues. In general, solid compounds having longer per-
fluoroalkyl chains are difficult to crystallize. The non-fluorine-
containing bis(n-alkyl)phosphinic acids have been known for a
long time and their structures were investigated by X-ray
crystallography.5–7 As part of a series of investigations on bis(n-
perfluoroalkyl)phosphinic acids we reported the synthesis of
C2 perfluoroalkyl-substituted phosphinic acids as well as new
routes to the previously known C1 and C4 acids which are
liquids.8 Recently we achieved the synthesis of phosphinic acids
with longer chain perfluoroalkyl groups (e.g. C6F13, C7F15,
C8F17).

9 These compounds are high melting solids. Since there
are no single crystal structures of bis(n-perfluoroalkyl)-
phosphinic acids, we now report the first structures of these
materials as hydrates, [H3O]� [(Rf)2PO2]

��solvent (Rf = C6F13,
solvent = none 1; Rf = C7F15, solvent = none 2; Rf = C8F17,
solvent = acetone 3).

Results and discussion
Compounds 1–3 were prepared by the oxidation of (Rf)2PI
(Rf = C6F13, C7F15 or C8F17) with an excess of NO2 and followed
by aqueous hydrolysis.9 They are colourless solids and are only
slightly soluble in halogenated solvents. However, they are
soluble in acetone and fluorinated solvents such as 1,1,2-
trichlorotrifluoroethane and can be crystallized from a mixture
of acetone and pentane. The hydrates are easily formed during
the course of crystallization. The detailed synthetic procedure
and spectral characterization data have been reported
elsewhere.9

The presence of the H3O
� group in addition to highly electro-

negative elements, such as F and O in bis(n-perfluoroalkyl)-
phosphinic acids, gives rise to a variety of possible inter-

molecular hydrogen bonded structures. Prior infrared spectro-
scopic studies on the anhydrous phosphinic acids clearly show
νP��O at ≈1365 cm�1.9 With compounds 1–3 the latter has
decreased to 1283 cm�1. This indicates a delocalization of the
charge over the O–P–O array and the presence of hydrogen
bonding. To clarify the extent and nature of this bonding we
have used single crystal structure analysis to determine the
exact conformation of the molecules in the solid state. The
crystal structures of 1–3 are shown in Figs. 1–3 and selected
bond lengths and angles are given in Table 1. In all the three
cases the phosphorus configuration is tetrahedral as expected.
The average P–C bond length is 1.87 Å and the P–O bond
distances are approximately equal (ca. 1.48 Å). This is due
to the delocalized nature of the negative charge. The per-
fluoroalkyl chains exhibit a common zigzag pattern. The mean
C–C bond length is 1.53 Å and the mean C–C–C angle 116�.
The O–P–O bond angle averages ca. 121�. Comparison of the
X-ray crystallographic data with those of some non-fluorinated
anhydrous phosphinic acids 6,7 such as (CH3)2PO(OH) 4 and
(C9H19)2PO(OH) 5, shows small but significant differences in
the bond lengths and angles associated with the PO2C2 core
(Table 2). In 1–3 the average P–O bond lengths are ca. 0.04 and
0.05 Å shorter than those in 4 (1.52) and 5 (1.53 Å). The average
P–C bond length (ca. 1.87 Å) is larger than that found in 4 or 5
(1.77 Å). The average O–P–O bond angle (121�) is also greater
than that in both 4 and 5 (112.7 and 113.1�, respectively). These
differences can be attributed to the presence of hydrogen bond-
ing and the high electronegativity of the perfluoroalkyl groups.
The crystal structure of a perfluorinated aryl phosphinate,
[H3O]�[(C6F5)2PO2]

� 6, has been reported 11 and the P–O and
P–C bond distances are basically identical to those seen in
compounds 1–3 (Table 2). The O–P–O bond angle in 6, at 117�,
is smaller than those in 1–3. These results indicate the
higher electronegativity of perfluoroalkyl vs. perfluoroaryl sub-
stituents. Bond distances and angles in 1–3 and the
C-amino-substituted phosphaallyl compound, [(Me2N)2C]2PO2

7 (P–O 1.48, P–C 1.88 Å and O–P–O 122.5�), are very similar
(Table 2).12

In compounds 1–3 the crystals are built up from infinite
chains of parallel molecules held together by O–H � � � O hydro-
gen bonds. Compound 1 crystallizes with two molecules in
the asymmetric unit with two H3O

� molecules between the
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perfluorophosphinates. Hydrogen bonding links two groups of
perfluorophosphinate molecules perpendicular to the a axis
with an average O–H � � � O distance of ca. 1.68 Å forming an
infinite one dimensional chain. There is considerable space
between these two molecules. The packing diagram (Fig. 1b)
shows that the perfluorophosphinate molecules of another
linked unit interpenetrate giving rise to F � � � F close contacts
(2.697(6) to 3.133(5) Å). Compound 2 crystallizes in the same

Fig. 1 (a) An ORTEP 10 drawing of compound 1 with thermal
ellipsoids at 30% probability level; (b) crystal packing diagram for 1
showing intermolecular interactions.

Fig. 2 (a) An ORTEP drawing of compound 2; (b) crystal packing
diagram for 2. Details as in Fig. 1.

space group as that of 1; however, it has only one molecule of
the perfluorophosphinate and one H3O

� in the asymmetric
unit. In spite of this the packing diagram (Fig. 2b) shows that 2
also has the same structural motif displayed by 1, i.e. two layers
of perfluorophosphinates linked by hydrogen bonding to
form an infinite chain perpendicular to the a axis. The average

Fig. 3 (a) An ORTEP drawing of compound 3; (b) crystal packing
diagram for 3. Details as in Fig. 1.

Table 1 Selected bond lengths (Å) and bond angles (�) for compounds
1–3

1 2 3

P(1)–O(1)
P(1)–O(2)
P(1)–C(1)
F(1)–C(1)
F(2)–C(1)
C(1)–C(2)

O(1)–P(1)–O(2)
O(2)–P(1)–C(1)
O(1)–P(1)–C(1)
F(2)–C(1)–C(2)
F(1)–C(1)–C(2)
F(2)–C(1)–P(1)
F(1)–C(1)–P(1)
C(2)–C(1)–P(1)
C(1)–C(2)–C(3)
C(2)–C(3)–C(4)

1.481(3)
1.495(3)
1.886(5)
1.352(5)
1.358(5)
1.539(6)

119.56(18)
107.8(2)
109.26(19)
108.4(4)
108.9(4)
109.5(3)
109.9(3)
112.6(3)
117.1(4)
113.2(4)

1.485(3)
1.487(3)
1.872(4)
1.339(5)
1.347(5)
1.530(6)

121.73(7)
105.94(18)
108.55(17)
108.8(3)
108.5(3)
108.8(3)
109.6(3)
112.9(3)
116.5(3)
114.5(4)

1.471(7)
1.471(7)
1.870(10)
1.373(11)
1.352(11)
1.522(14)

123.0(4)
107.9(4)
107.0(4)
109.4(8)
108.3(8)
110.0(6)
109.9(6)
114.0(7)
116.0(9)
113.2(9)

Table 2 Comparison of selected bond lengths (average) and angles of
compounds 1–3 with those of other phosphinic acids

Compound P–O/Å P–C/Å O–P–O/�

1 a

2 a

3 a

4 b

5 c

6 d

7 e

1.48
1.48
1.47
1.52
1.53
1.48
1.48

1.88
1.87
1.86
1.77
1.77
1.81
1.88

119.56
121.73
122.9
112.7
113.1
117.2
122.5

a This work. b Reference 5. c Reference 6. d Reference 11. e Reference 12.
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O–H � � � O bond distance is ca. 2.23 Å. The void between the
molecules of 2 is less than that in 1 allowing a more regular
packing and more F � � � F interactions ranging from 2.788(3) to
3.137(2) Å. Compound 3 is different from both 1 or 2 in that the
solvent of crystallization is also present and is hydrogen bonded
to the H3O

� ion. Unlike 1 and 2, 3 propagates perpendicular to
the c axis in an ‘S-shaped’ fashion with an average O–H � � � O
bond distance of 1.73 Å. This can be seen clearly in Fig. 4(c).
The presence of acetone between the repeating units enlarges
the distances between each perfluoroalkylphosphinate moiety.
The molecules of the adjacent infinite chains penetrate these
voids, as seen in 1, in a ‘zipper-like’ fashion, giving rise to
F � � � F close contacts of 2.733(17) to 3.133(11) Å. Compound 3
is also an infinite chain, however, it consists of only one layer of
phosphinates unlike both 1 and 2. This probably arises from the
presence of acetone, which is hydrogen bonded to H3O

� thus
preventing further association.

Fig. 4 (a) Hydrogen bonding network in compound 1 O5b–
H1b � � � O2b 1.74(2), O5b–H2b � � � O3b 1.73(2), O5b–H3b � � � O4a
1.59(2), O6b–H4b � � � O2b 1.71(2), O6b–H5b � � � O3a 1.73(2) and
O6b–H6b � � � O1a 1.59(2) Å. (b) Hydrogen bonding network in 2:
O3–H3 � � � P2bi 1.55(2), O3–H2 � � � O1bg 1.77(2) and O3–H1 � � � O1bc
1.81(2) Å. (c) Hydrogen bonding network in 3: O4–H3 � � � O1be
1.540(19), O4–H2 � � � O2id 1.67(3) and O4–H1 � � � O3 1.70(3) Å.

Conclusion
We report the first single crystal structures of bis(n-perfluoro-
alkyl)phosphinic acids, [H3O]�[(C6F13)2PO2]

�, [H3O]�[(C7F15)2-
PO2]

�, and [H3O]�[(C8F17)2PO2]
��Me2CO. These complexes

have intermolecular hydrogen bonds. Several intermolecular
close contacts are observed between fluorine atoms. In the
three cases the two P–O distances are very similar. The presence
of two highly electronegative perfluoroalkyl substituents on
the phosphorus atom enhances the acidic nature of the
compounds. They are stabilized by an H3O

� cation which leads
to the formation of crystalline solids.

Experimental
Materials

Perfluoroalkyliodophosphines, (Rf)2PI (Rf = C6F13, C7F15 or
C8F17) were prepared by the reaction of red phosphorus with
perfluoroalkyl iodide according to literature procedures.13–15

Bis(n-perfluoroalkyl)phosphinic acids (Rf)2P(O)OH (Rf =
C6F13, C7F15 or C8F17) were also prepared according to a liter-
ature procedure by the oxidation of (Rf)2PI with an excess
of NO2 followed by hydrolysis.9

Single crystal X-ray measurements

Single crystals of compounds 1–3 suitable for X-ray analysis
were grown by slow evaporation of an acetone–hexane solu-
tion. They were removed from the flask and covered with a layer
of hydrocarbon oil.16 A suitable crystal was selected, attached
to a glass fiber and placed in a low-temperature nitrogen
stream. Data were collected using a Siemens SMART 1000
instrument (Mo-Kα radiation, λ = 0.71073 Å) equipped with
a Siemens LT-2A low temperature device. The SHELXTL
program package was used for structure solution and refine-
ment.17 An absorption correction was applied using SADABS.18

The structures were solved by direct methods and refined by full
matrix least squares procedures. All non-hydrogen atoms were
refined anisotropically. Some fluorine groups were disordered in
3 but these could be modeled successfully at half occupancy.
Except for the hydrogen atoms of the acetone molecule in 3, all
hydrogen atoms in 1–3 were located on the Fourier difference
maps and refined. The hydrogen atoms of the acetone molecule
in 3 were included in the refinement at calculated positions
using a riding model included in the SHELXTL program.
Some details of the data collection and refinement are given in
Table 3.

CCDC reference number 186/2195.

Table 3 Selected crystallographic data for compounds 1–3

1 2 3 

Formula
Formula weight
T/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/�
β/�
γ/�
V/Å3

Z
µ/mm�1

No. of reflections
Independent

reflections
Rint

Final R(I > 2σ(I))
wR2 (all data)

C24H6F52O6P2

1440.23
183(2)
Triclinic
P1̄
6.3795(2)
17.5638(5)
20.9551(7)
76.1780(10)
88.2640(10)
81.768(5)
2256.48(12)
2
0.352
21499
7670

0.0509
0.0708
0.1196

C14H3F30O3P
820.13
203(2)
Triclinic
P1̄
6.1951(2)
11.1604(3)
18.7348(5)
78.0740(10)
89.2660(10)
82.5320(10)
1256.48(6)
2
0.353
12430
4329

0.0379
0.0641
0.1567

C19H9F34O4P
978.23
183(2)
Orthorhombic
Pca2(1)
10.7873(6)
30.1060(16)
9.7817(5)

3176.7(3)
4
0.317
20576
4113

0.0829
0.0800
0.1861
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