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Abstract: The infrared spectra in the range 4000-400 cm -1 of liquid and of associated and monomeric gaseous 
difluorophosphoric acid, F2POOH, are reported and assigned. The free OH stretch is at 3662/3678/3694 cm-1. 
Using this, the strength of the hydrogen bonding is compared to that of other inorganic acids. The phosphoryl 
stretching frequency is compared to those of other gaseous XYZP=O compounds by means of a plot of frequency 
vs. average electronegativity. The OH group, as expected, acts much like a halogen with electronegativity of 3.4. 
Gaseous phosphorus monoxide, PO, also fits onto this plot. The corresponding vanadyl halides and vanadium 
monoxide, VO, are discussed. 

Obtaining a phosphorus acid in the unassociated 
state has proved to be extremely difficult. The 

failure to observe the stretching vibration of a free 
-OH in very dilute solutions of phosphorus acids in 
nonpolar solvents led some workers to believe that the 
hydrogen bonding in phosphorus acids is intramo­
lecular.2'3 In a related situation, gaseous Cs2SO4 is 
reported to have Vd symmetry,4 implying that each Cs 
is shared by two oxygens. H2S04(g), on the other 
hand, has each hydrogen attached to only one of the 
oxygens.5 Thomas, et a/.,6 however, observed a band 
at 3600 cm - 1 for ethyl methyl phosphonothionic acid 
in CCl4 solution. In this compound the association 
would be between hydrogen and sulfur and so should 
be relatively very weak. The same authors used dilu­
tions as high as Af/35,000 for ethyl methyl phosphonic 
acid but failed to get any concrete evidence for the 
presence of free acid in the system. Peppard and 
co-workers7 heated dilute solutions of phosphorus 
acids to temperatures as high as 160°, but failed to 
obtain any evidence of monomer formation. Their 
cryoscopic measurements7'8 show that the monobasic 
acids are mostly dimerized and that the dibasic acids 
are mostly polymerized in solution. In acetic acid 
the acids appeared to be monomeric, but here it is a 
matter of solvent-solute interaction. 

To use solutions of dilution as high as and higher 
than those used by Thomas, et a/.,6 would entail great 
technical problems in infrared spectroscopy. Another 
approach is to superheat and acid in the vapor state. 
Unfortunately phosphorus acids generally polymerize 
or decompose before they vaporize. One of the excep­
tions is difluorophosphoric acid, which boils at 116° at 
760 mm. 
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To the best of our knowledge, there has been no 
report on the infrared spectra of difluorophosphoric 
acid in the literature. In this study we report the 
infrared spectra in the region 4000-400 cm - 1 for the 
liquid acid and also of its vapor superheated up to 
300°. The bands due to the associated and monomeric 
species are identified and assigned to the normal modes 
of vibration. A comparison of the strength of hydro­
gen bonding of this acid with those of some other in­
organic acids also is made. Correlations of phosphoryl 
and vanadyl stretching frequencies are discussed. 

Experimental Section 
The apparatus used for the study of the vapor is described else­

where.5.9 Two kinds of cells were used: cell A for the study of the 
saturated vapor over the liquid acid and cell B for the study of the 
superheated vapor. 

The spectra of the vapor were taken by the normal single-beam 
operation. All the precautions described in ref 5 and 9 were taken 
to prevent the acid vapors from reaching the windows. Extensive 
temperature cycling was used to identify any volatile impurities or 
decomposition products. 

Because of the high volatility of the acid, the spectrum of the 
saturated vapor was too intense to be measured above 45D. For the 
superheated vapors, where the amount of the acid admitted into 
the cell could be easily controlled, the studies extended from room 
temperature up to a nominal temperature of 300°. 

The spectrum of the liquid was taken by holding a thin film of 
the acid between AgCl plates. It was found that the acid was 
vaporized by the heat of the infrared light source. The spectrum 
was taken in the double-beam mode of operation. 

Difluorophosphoric acid was a City Chemical Corp., New York, 
N. Y., product. To obtain pure spectra it was found necessary to 
distil the acid. The vapor at its boiling point attacked glass 
rather strongly. 

Results and Discussion 
On the basis of the known near-tetrahedral con­

figuration of phosphoryl fluoride and other halides,10 

it is assumed that difluorophosphoric acid has an 
approximate tetrahedral configuration, and hence its 
skeleton should have Cs point symmetry. The skeleton 
has nine nondegenerate fundamental vibrations. Of 
these, four stretching bands are due to P-O, P-O(H), 
and PF2 groups. PF2 contributes also a bending and a 
rocking vibration: P = O and P-O(H), one wagging 
mode each. Finally, there is a torsion. In addition, 

(9) S. M. Chackalackal and F. E. Stafford, / . Am. Chem. Soc, 88, 
4815 (1966). 

(10) "Interatomic Distances," L. E. Sutton, Ed., The Chemical 
Society, London, 1958 and 1965. 
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Figure 1. At top is the background. Breaks due to grating changes 
are at 670, 1200, and 2000 cm-1. B (middle) is the spectrum of the 
vapor at 0°. C (bottom) is the spectrum of the vapor superheated 
to about 260°. The arrows indicate a band due to SiF4 formed by 
attack of the glass cell. 

the OH group contributes a stretching, a bending, and 
wagging mode. 

In Figure 1, spectrum A is that of the background, 
spectrum B of the saturated vapor at about 0°, and 
spectrum C of the superheated vapor at about 260°. 
Table I summarizes the bands observed and gives their 
approximate description. 

The broad band centered at about 2800 cm - 1 is the 
-OH stretch of the associated species. Its position is 
at somewhat higher frequency than the -OH stretching 
frequencies of other phosphorus acids in the condensed 
phase. In spectrum C a new sharp band of medium 
strong intensity with PQR branches is seen at 3678 
cm -1. This is clearly due to the -OH stretching mode 
of the free molecule. 

In Table II, the -OH stretching frequency of di-
fiuorophosphoric acid is compared with those of some 
other compounds. Difluorophosphoric acid has a 
very high -OH stretching frequency. This is ex­
pected,1112 because phosphorus has a low electro­
negativity and can release electrons to a bonding orbital 
in the O-H group. 

In the same table, a comparison of the relative 
strength of hydrogen bonding, as indicated by the 
monomer-liquid frequency shift, is made. The fact 
that this shift in the -OH stretching frequency is greatest 
for difluorophosphoric acid indicates that it forms the 
strongest hydrogen bond. This inference is amply 
supported by the temperature dependence of the dis­
sociation of the hydrogen-bonded species in the vapor 
state. The lower the electronegativity of the central 
atom, the more basic is the double bonded oxygen, 
which then forms stronger hydrogen bonds. 

Rather weak, broad bands were observed at 2350 
and 1650 cm -1. The origin of these bands has been 
variously explained by other workers. l i ' l i 

The bands at 1335-1332 cm - 1 for the liquid and the 
vapors are the P = O stretch of the associated molecule. 
The appearance of the band at 1393 cm - 1 coincides 
with the appearance of the 3678-cm_1 band and is 
assigned to the P = O stretch of the free molecule. 
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That there is a linear correlation between phosphoryl 
stretching frequency and the electronegativities of the 
substituent groups on the phosphorus atom is well 
recognized.lr,~17 From this have emerged the terms 
"phosphoryl absorption shift constant"15 and "ir 
constants*'10 which are roughly equivalent to electro­
negativity, fhe phosphoryl absorption shift constant 
obtained by Bell and co-workers13 for the -OH group 
is 2.3. This value is too small to be the electronega­
tivity of the -OH group, which is expected to be between 
those of fluorine and chlorine. In order to check the 
above value, a plot of phosphoryl stretching frequencies 
of various compounds in the vapor state vs. the average 
electronegativity18 of the substituents is made in Figure 
2. In this, a phosphoryl stretching frequency of 1393 
cm - 1 would correspond as indicated by the arrow to an 
electronegativity of 3.4 for the —OH group in difiuoro­
phosphoric acid. This is a reasonable value for the 
electronegativity of the -OH group and is the one used 
previously for the X-SO2-Y system.5 It corroborates 
the assignment of the 1393-cm-1 band to the P = O 
stretch of the free acid. This behavior of OH as a 
pseudo-halogen has been used successfully also in the 
interpretation of electronic spectra,19 and of bond ener­
gies and vaporization behavior.20 

Though in the early work21-22 the P-O-H bend in 
phosphorus acids was believed to be around 1030 cm -1, 
in almost all recent work it is reported in the region of 
1250 cm-1.6'23-24 Therefore, the broad band of 
medium intensity at 1219 cm - 1 in spectrum A and the 
sharp band at 1193 cm - 1 in spectra B and C are assigned 
to the P-O-H bend of the associated species. The 
weak doublet that appears at 1172/1181 in the high-
temperature spectrum could be the P-O-H bend in the 
free state. This small shift to lower frequency is 
expected.:>'9'25 

It is in the region 1100-800 cirr1 that the P-O(H) 
and PF2 stretches should be expected. There is no 
band in spectrum A that corresponds to the strong 
bands marked by arrows at 1031 cm - 1 in spectra B and 
C. This is assigned to the stretch of SiF4 which arises 
by attack of the cell material and increases consistently 
with time. The frequencies of the bands at 1070 and 
1080 cm - 1 in spectra A, B, and C are too high to be 
PF2 stretches but are very close to what could be calcu­
lated for the P-O(H) stretch using the relation of 
Thomas and Chittenden,14 namely, »<P_O-(H) = 650 
+ 4027r, where iv is the "ir constant" or roughly the 
electronegativity of the substituents on phosphorus. 

(15) J. V. Bell, J. Heisler, H. Tannenbaum, and J. Goldenson, / . Am. 
Chem. Soc, 16, 5185(1954). 
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(1963). 

(19) E. M. Bulewicz and T. M. Sugden, Trans. Faraday Soc, 55, 
724(1959). 

(20) F. E. Stafford and J. Berkowitz, J. Chem. Phys., 40, 2963 (1964), 
and referenees therein. 

(21) L. J. Bellamy and L. Beechen,/. Chem. Soc., 1701 (1952); 728 
(1953). 

(22) D. E. C. Corbridge, J. Appl. Chem., 6, 456 (1956). 
(23) Ya. I. Ryskin and G. P. Startskaya, Opt. Spectry. (USSR), 7, 

488 (1959). 
(24) A. C. Chapman and L. E. Thirlwell, Spectrochim. Acta, 20, 937 

(1964). 
(25) G. C. Pimentel and A. L. McClellan, "The Hydrogen Bond," W. 

H. Freeman and Co., San Francisco, Calif., 1960. 

1400 - N^ 
cm"' 

t 

1300 

1200 - \ 

i , _ 1 i I I 
+ 3 2 

ELECTRONEGATIVITY 

Figure 2. P = O stretching frequency (cm -1) for gaseous X Y Z P = O 
vs. the average electronegativity of X, Y, and Z. The electronega­
tivities are from Allred,18 plus OH (3.4), CH3 (2.5), and CH3O (3.0). 
Starting at upper left, the points are for (1) phosphoryl fluoride,26.27 

(2) difiuorophosphoric acid, (3) dimethyl phosphorofiuoridate, (4) 
phosphoryl chloride, (5) methyl phosphorodichloridate, (6) di­
methyl phosphorochloridate, (7) trimethyl phosphate. (8) dimethyl-
phosphite, and (9) trimethylphosphine oxide (J. Goubeau and 
W. Berger, Z. Anorg. Allgem. Chem., 304, 147 (I960)). The line was 
drawn through points 1, 2, 4, 7, and 9. The other points were added 
later. Except as noted, all data are from unpublished work of this 
laboratory. The square is for the PO molecule (Herzberg) and is 
at the electronegativity of the P atom, 2.2. 

These bands are therefore assigned to the P-O(H) 
stretch of the associated species. 

The P-O(H) stretch of the free molecule should 
appear at lower frequency. This region, however, is 
obscured by the SiF4 stretch. From a study .of the 
contour of the SiF4 band, it could be seen that a new 
band grows in at about 1020 cm -1. This gives it a 
shift of about 60 cm - 1 which is comparable to that for 
the P = O group. Such a comparison was observed also 
for the SO2 and S-O(H) shifts in sulfuric and sulfonic 
acids.5,9 However, when the various shifts for F2POOH 
are added to Table VI of ref 5 [~900 (OH), 60 (P=O), 
- 6 1 (P-O(H)], that for P-O(H) does seem small. 

By comparison with the reported spectra for POF3, 
POF2Cl, and POF2Br5

26-23 the asymmetric and sym­
metric stretches of the PF2 group are assigned as shown 
in Table I. In the high-temperature spectrum, doublets 
appear at frequencies slightly lower than the above 
bands. These may be due to the corresponding bands 
of the free molecule. Such a shift to lower frequency 
was observed by us for the S-F stretch in ftuorosulfonic 
acid. 

The medium strong band for the liquid at 545 cm - 1 

and for the associated vapor at 535 cm - 1 loses its 
intensity in.the spectrum of the superheated vapor and 
so could be due to the -OH group. Since the -OH wag 
is known to be raised in frequency through hydrogen 
bonding,29 these bands are possibly due to the -OH 

(26) H. S. Gutowsky and A. D. Liehr, / . Chem. Phys., 20, 1652 
(1952). 

(27) H. Selig and H. H. Claassen, ibid., 44, 1404 (1966). 
(28) M. L. Delwaulle and M. L. Francois, Compt. Rend., 220, 817 

(1945); 222, 550(1946). 
(29) R. Savoie and P. A. Giguere, Can. J. Chem., 42, 277 (1964). 
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wag of the associated species. This frequency is not 
as high as observed in H2SO4, indicating that they are 
more likely due to an impurity. 

The last two bands are assigned to the PF2 rocking 
and bending modes by analogy with the bands observed 
for POF3, POF2Cl, and POBrF2.26"28 

Figure 2 merits further discussion. It is justified in 
part by the assumption that the phosphoryl stretching 
frequency is free of mass and coupling effects;30 in 
effect, this frequency is assumed to be factored out 
of the secular equation for the normal modes of 
vibration. The primary effect of the attached groups 
X in X3PO may be considered, therefore, to be 
donation or withdrawal of electrons from the phos­
phoryl bond. In this approximation, gaseous phos­
phorus monoxide can be considered to have attached 
groups of the same electronegativity (2.2) as the P 
atom. This approximation is reasonable as shown by 
the square on Figure 2. 

A theoretical explanation31 of Figure 2 is that more 
electronegative substituents produce a net positive 
charge on the phosphorus. This in turn contracts the 
phosphorus 3d orbitals letting two of them accept elec­
trons from the oxygen forming p7r-d7r bonds. Vana­
dium, on the other hand, has d orbitals readily accessi­
ble, so that the corresponding shifts in the vanadyl 
stretching frequency are expected to be small. The 
data28 '32-34 are given in Table III. In agreement with 
the theory, the shifts are small. 

(30) Cf. W. J. Lehmann, / . MoI. Spectry., 7, 261 (1961). 
(31) E. L. Wagner,/. Am. Chem. Soc, 85, 161 (1963). 

During the past dozen years there has emerged a 
growing awareness of an interrelationship between 

the Hammett acidity function, H0, and the water activ­
ity of aqueous solutions of mineral acids.2-11 
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Table III. M = O Frequencies (cm"1) in X3MO 

X P V 

F 1418° 1058« 
Cl 1325« 10356 

Br 1261« 10256 

CH3 1225' 

Monoxide 123I* 1012« 

° See table given by Selig and Claassen27 or ref 32. h Reference 
32. ' See caption to Figure 2, Goubeau and Berger. d Reference 
33. ' Reference 34. 

In addition the monoxide frequencies33 are shown. 
There is some question34'35 about the assignment of the 
ground state for VO. By analogy with the phosphorus 
compounds, the vibration frequency 1012 cm - 1 is 
reasonable. 
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A major breakthrough in this area was the observa­
tion by Wyatt4 that for aqueous solutions of sulfuric, 
perchloric, hydrochloric, and nitric acids the H0 values 
were identical at the same water activity. Independ-
dently, the same observation was made by Braun,12 

who pointed out that a plot of H0 vs. the logarithm of 
the partial pressure of water for these same acid solu-
tiins is single valued and continuous. He noted that 
the region between H0 = — 5.0 and —8.4 was es­
tablished by a single acid, sulfuric acid. In order to 
better establish the relationship in this area, he deter­
mined the H0 values and aqueous vapor pressure of 
several particular acid solutions, including 85.4% 
selenic acid using anthraquinone as an indicator. 

(12) M. E. Braun, M.S. Dissertation, University of Pittsburgh, 1957. 

The H0 Values of Aqueous Selenic Acid and Their 
Relationship with Aqueous Vapor Pressure1 
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Abstract: The H0 values of aqueous selenic acid have been obtained using a series of primary aniline indicators 
over the concentration range of 2.8 to 85.7 wt % acid. The H0 values obtained fall on the curve of H0 vs. water 
activity previously established for the sulfuric acid and perchloric acid systems. 
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