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Hydrogen Bond Studies

56.* Neutron and X-Ray Diffraction Studies of the 1:1 Addition
Compound of Acetic Acid with Phosphoric Acid**

PER-GUNNAR JONSSON

Institute of Chemistry, University of Uppsala, Box 531, S-751 21 Uppsala 1, Sweden, and
Chemistry Department, Brookhaven National Laboratory, Upton, N.Y. 11973, U.S.A.

The addition compound CH,COOH.H,PO, has been studied by
X-ray and neutron diffraction. The crystals are triclinic, space group
P1, with four formula units in a cell of dimensions: a=9.627(1),
b=11.505(1), ¢=6.456(1) A, «=97.98(1), f=90.11(1), y=68.89(1)°.
The structure contains cyclic acetic acid dimers formed from two
crystallographically independent molecules joined by O—H:-:--O
bonds. Two of the hydrogen atoms in each phosphoric acid molecule
are engaged in O —H:--O bonds with their phosphoric acid neighbors,
thus giving rise to infinite layers of hydrogen-bonded phosphorie
acid molecules. The remaining hydrogen atom in each phosphoric
acid molecule is joined by a hydrogen bond to the carbonyl oxygen
atom of an acetic acid dimer. Each dimer is in this way connected
to two separate phosphoric acid layers. The internal hydrogen bonds
of the acetic acid dimer have H---O distances of 1.697(6) and 1.699(6)
A, the O---O distances are 2.681(4) and 2.688(4) A. The hydrogen
bonds between the phosphoric acid molecules have H:---O distances
in the range 1.558 to 1.609 A and O---O distances in the range 2.558
to 2.594 A. All the hydrogen bonds in the structure are close to linear
with O —H---O angles ranging from 171 to 177°.

Aeetic acid forms addition compounds with several strong acids. The crystal
structures of two such compounds, CH;COOH.H,S0, and CH,COOH.HSO,F,
have been reported earlier.l,? Although the hydrogen positions could not be
determined accurately by the X-ray diffraction methods used in these studies,
it could nevertheless be shown that in both structures a proton is transferred
from the strong acid to the acetic acid. The compounds should therefore be
formulated as CH,C(OH),"HSO, and CH,C(OH),"SO,F".

Sulfuric and fluorosulfuric acid are very strong acids. It is therefore of
interest to study the structure of an addition compound formed with a

* Part 55. Acta Chem. Scand. 26 (1972) 1591.
** Research performed partly under the auspices of the U.S. Atomic Energy Commission.
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moderately strong acid to investigate whether the same kind of proton
transfer occurs in such a case. The 1:1 addition compound of acetic acid
with phosphoric acid has been described by King and Walton 3 in connection
with a study of the freezing point curve of the acetic acid —phosphoric acid
system. The melting point was determined as 33.8°C.

This paper reports the structure of CH;COOH.H,PO, as studied by X-ray
and neutron diffraction methods at room temperature.

CRYSTAL DATA

CH,;COOH.H,PO,. F.W. 158.05, m.p. 34.5°C. Triclinic,

a =9.627(1),* b=11.505(1), c=6.456(1) A,

« =97.98(1), f=90.11(1), y=68.89(1)°,

V =659.7 A3 at 22°C. D, =1.59 g cm™3 (by flotation),

Z=4, D _=1.591 g cm™3. Space group P1. Calculated linear absorption
coefficients: 35.4 cm™ for CuKu, 1.44 em™! for 1.042 A neutrons.

EXPERIMENTAL

Preparation. Crystalline water-free phosphoric acid was prepared by removing the
water from analytical grade 85 9, orthophosphoric acid according-to Weber and King.4
The method was modified by using nitrogen gas dried by passing through a copper
coil immersed in liquid nitrogen, instead of dry air. The resulting phosphoric acid was
recrystallized three times by melting and allowing only part of the melt to crystallize
before the crystals were drained off. The recrystallized acid was melted and mixed with
an equimolar amount of water-free acetic acid. The mixture crystallized on cooling,
the melting point was recorded as 34.5°C (lit.? 33.8°). The compound is very hygro-
scopic; the preparation and all handling of the compound were therefore performed in
a dry box.

)}E -Ray study. Single crystals were grown in sealed glass capillaries (diameter about
0.2 mm and wall thickness 0.01 — 0.02 mm) by a zone-melting technique.

The unit-cell dimensions were determined from zero layer oscillation photographs
taken with crystals rotating around the a, b, and ¢ axes. Reflections from a quartz single
crystal were superimposed on the photographs for calibration (a=4.9130 A for « quartz
at 22°C). The cell dimensions and their estimated standard deviations as given above
were obtained from 111 measured 6 values by the method of least squares. The following
wavelengths were used: CuKe,=1.54051 A, CuK«,=1.54433 A, CuKp=1.39217 A.

A cylindrically shaped crystal of length 2 mm and diameter 0.25 mm was used for
collecting the intensity data on a paper tape controlled Stoe Weissenberg diffractometer.
Ni-filtered Cul« radiation was used. The diffractometer was programmed to perform
a rapid pre-scan of each reflection before the intensity was measured. Depending on the
number of counts accumulated during this pre-scan, different strategies for the intensity
measurement were employed. The intensity scan for strong reflections was carried out
with the counter moving at 4°/min. For very weak reflections the scan rate was decreased
to 0.25°/min, whereas intermediate rates were used for moderately weak reflections.
In order to minimize coincidence losses when measuring very strong reflections, up to
four filters could be inserted to attenuate the primary beam.

The intensity, I, of a reflection with Weissenberg coordinates ¢, and I', was recorded
in the following manner: (1) The counter was set to I';=I'y— . (2) The crystal was set
to an angle ¢, =¢,—w/2 and the first background, B,, was counted for ¢, sec. (3) The
crystal was rotated by w degrees at a constant rate while the detector was simultaneously

* Numbers in parenthesis here and throughout this paper are the estimated standard devia-
tions in the least significant digits.
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rotated at twice this rate until the crystal reached the angle ¢,= ¢, + w/2 and the detector
reached the angle I'y= I+ »w. The number of counts accumulated during this scan is
C, measured for ¢, sec. (4) The second background, B,, was measured for ¢, sec with the
crystal at ¢, and the detector at I',.

With equi-inclination geometry, 1981 independent reflections for the layers 0<l<5
in the range 5° < I'< 128° were measured. The angle scanned, w, was 2.0° for all reflections.
A few reference reflections measured at irregular intervals showed no significant changes
in intensity throughout the period of the data collection.

The data were corrected for background according to the formula I =[C —¢.(B,+ B,)/
(t,+1t3)] x A x o/t where 4 is a filter factor.

Standard deviations were calculated from the expression:

o(I)={C+[tc/(t1+2,) (B + B} * x A x oft,

Values of F* and o.(F?) were then calculated by applying Lorentz and polarization
corrections to the values of I and o(I). The few negative values of F? were replaced by
values of zero. No absorption corrections were applied.

Neutron study. A large single crystal was grown in a sealed glass tube by a zone-
melting technique. The crystal used for the data collection was cut from the grown crystal
and sealed into a thin-walled quartz tube. This cylindrical crystal had a radius of 1.34 mm
and a volume of 13.9 mm?. It was mounted on a four-circle diffractometer at the Brook-
haven National Laboratory High Flux Beam Reactor. The crystal was aligned about
an axis normal to the (201) planes and the data collected automatically with the computer-
controlled Multiple Spectrometer Control System.? A portion of reciprocal space extending
out to sin 6/A=0.60 A~! was examined at a neutron wavelength of 1.042 A. The 620
step scan technique was used with 4(20)=0.1°. Two standard reflections were measured
at regular intervals to provide a check on crystal and electronic stability. No significant
changes were observed in these standards. A total of 2375 independent reflections were
measured.

The data were corrected for background and assigned standard deviations based
on Poisson counting statistics. Values of F? and o (F?) were then calculated by applying
the Lorentz factor and absorption corrections to the values of I and o(I). Negative
values of F? were replaced by values of zero. The cylindrical shape of the crystal was
represented approximately by 32 boundary planes in the calculation of the absorption
correction. The resulting transmission factors fell in the range 0.73—0.76. The linear
absorption coefficient of 1.44 em™ was calculated; the value of 34 barns was used for the
incoherent scattering cross-section for hydrogen.

STRUCTURE SOLUTION AND REFINEMENT OF THE X-RAY STRUCTURE

A scale factor and an overall temperature factor were obtained by the
method of Wilson.® Normalized structure factor amplitudes were then calcu-

N
lated from the expression (valid for triclinic crystals) B,,2=F,,? / '21 S (REL)
fi=

Table 1. Statistical averages and distribution of normalized structure factors.

Theoretical

Observed Centric Acentric
(E? 1.000 1.000 1.000
IEl> 0.767 0.798 0.886
(E2—-1]> 1.043 0.968 0.736
|El>3 0.7 9, 0.3 9 0.01 9,
|E|>2 5.8 9% 5.0 9 1.8 9,
[Bl>1 29.1 9%, 32.0 9, 37.0 9,
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where F,,? has been corrected for vibrational motion, f,(kkl) is the atomic
scattering factor for the j:th atom in the unit cell, and N is the number of
atoms in the unit cell. The statistical averages and distribution of the E
values compared to the theoretical values for centric and acentric structures ?
are given in Table 1. These values indicate a centrosymmetric structure and
accordingly the space group PT was assumed.

The 259 reflections with |E|> 1.5 were used as input data for Long’s sign-
determining program.® The program uses Sayre’s equation ® iteratively to
predict the signs; seven signs were used in the starting set. Three linearly
independent reflections were given plus signs to fix the origin of the unit
cell, and all combinations of the other four were considered, giving sixteen
solutions. Four of these solutions were found to have very good consistency
and rapid convergence. One such solution which had all signs positive was
rejected. Three-dimensional Fourier syntheses based on the 259 phased E
values were calculated for each of the remaining three solutions, one of which
revealed the structure. Among the twenty highest peaks in this £ map four
peaks could be rejected as being spurious. The remaining sixteen peaks re-
presented all the non-hydrogen atoms in the structure except the two methyl
carbon atoms which could subsequently be traced further down on the peak
list. It was later found that for this solution all signs except one agreed with
those of the calculated structure factors after final refinement.

The trial structure was refined by a few cycles of full-matrix least-squares
refinements. The function minimized was >w(|F,|—|F |)2. All reflections
with F? values larger than 20 (F?) were included; the total number of reflec-
tions was 1730. In these preliminary refinements positional parameters and
first an overall and later individual isotropic thermal parameters were refined
for the eighteen non-hydrogen atoms (referred to as ‘“heavy atoms” below).
All reflections were given unit weight. The refinement converged with agree-
ment factors

R= ZHFOI - |FCH/ZIF0| = 0.146
Ry, = [2w(|F,| = |F P 2w|F )% = 0.170

The parameters obtained from this refinement were used as initial param-
eters to determine the hydrogen positions from the neutron data as described
below. The refinement of the X-ray data was continued when the final results
from the neutron study became available; the positional and thermal param-
eters of the hydrogen atoms as determined by neutron diffraction were now
included. Each reflection was assigned a weight w inversely proportional to
the estimated variance of the observation

wl = g}(F) = o*(F?)/4F?
and
G(F?) = o (F)+ (kF?

with k equal to 0.05 and ¢ based on counting statistics alone. The parameters
refined were 54 positional parameters, 108 anisotropic thermal parameters
and an overall scale factor. No attempt was made to refine the hydrogen atom
parameters. In the last cycle of least-squares refinement no parameters shifted

Acta Chem. Scand. 26 (1972) No. 4
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by more than 0.1 g; the final agreement factors for the 1730 reflections used
in the refinement were R=0.042 and R_=0.064. The standard deviation of
an observation of unit weight S=[>w(|F |—|F.|)?/(m—n)]% was 2.14. In this
expression w is the weight of an observation, m is the total number of observa-
tions, and » is the number of parameters varied. The final positional and
thermal parameters are presented in Table 2 and the root-mean-square dis-
placements along principal axes of the thermal ellipsoids are given in Table 3.
The observed and calculated structure factors are listed in Table 4. Scattering
factors for P, O, and C were those given by Hanson et al.l® The spherical
scattering factor proposed by Stewart ef al.! was used for the hydrogen atoms.

REFINEMENT OF THE NEUTRON STRUCTURE

A three-dimensional difference map was produced for which the calculated
structure factors were based on the heavy atom positions from the preliminary
X-ray refinement. The positions of all hydrogen atoms except those of the
methyl groups were clearly defined.

A least-squares refinement of an overall scale factor and positional param-
eters together with anisotropic thermal parameters for all atoms except the
methyl hydrogen atoms converged with R=0.123, B_=0.191. Only reflections
with F? values larger than 20 (F?) were included; the total number of such
reflections was 1579. The weights were assigned in the same way as for the
final X-ray refinements except that a & value of 0.10 was used.

Difference Fourier syntheses with (F,— F ) as coefficients were now calcu-
lated for the two planes, perpendicular to the C — C bonds, through the expected
methyl hydrogen atoms. These two difference maps looked very similar,
having a continuous ring of negative scattering density centered at the pro-
jection of the C—C bond. It was therefore assumed that the methyl hydrogen
atoms were disordered. Approximate hydrogen positions corresponding to
ordered methyl groups for each of the two independent acetic acid molecules
were deduced by assuming that the regions of the most negative scattering
density corresponded to the hydrogen positions.

In the subsequent least-squares refinements all 1845 reflections with
F? values larger than o (F?) were included. Their weights were calculated as
described earlier with a k-value equal to 0.05. The parameters refined in each
cycle were 96 positional parameters and 192 anisotropic thermal parameters
together with an overall scale factor. Several cycles of least-squares refinement
lowered the R values to R=0.071 and R_=0.066. The shifts in the last cycle
were less than 0.1 ¢ for all parameters except those of the methyl groups.
The largest shift for a thermal parameter of a methyl hydrogen atom was
0.9 ¢. The mean shift for the methyl hydrogen atom positional parameters
was 0.18 ¢ and for the thermal parameters 0.34 ¢. The corresponding values
for the methyl carbon atoms were 0.27 ¢ and 0.12 ¢, respectively. The values
of the methyl carbon atom positional parameters were oscillating, and this
was also true for the methyl hydrogen atom parameters. The refinement was
therefore halted at this point. The parameters obtained will be referred to
below as the final parameters for the ordered structure model.

Acta Chem. Scand. 26 (1972) No. 4
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Table’3. Root-mean-square amplitudes of vibration. For non-hydrogen atoms the neutron
result is given on the first line and the X-ray result on the second. The units are 1072 A

Atom Axis 1 Axis 2 Axis 3
P(1) 133(4) 174(3) 199(3)
131(2) 190(1) 208(1)
o(1) 172(3) 209(3) 225(3)
205(3) 216(3) 240(3)
0(2) 178(3) 200(3) 243(3)
191(3) 208(3) 271(3)
0(3) 137(4) 207(3) 262(3)
143(4) 234(3) 277(3)
0(4) 132(4) 197(3) 250(3)
145(3) 221(3) 274(3)
H(1) 208(5) 210(5) 221(5)
H(2) 181(5) 244(5) 253(5)
H(3) 166(6) 229(5) 245(5)
P(11) 130(4) 185(3) 194(3)
125(2) 194(1) 220(1)
O(11) 180(3) 204(3) 249(3)
209(3) 223(3) 258(3)
0(12) 180(4) 194(4) 357(4)
192(3) 201(3) 385(4)
0(13) 137(4) 200(3) 366(4)
142(4) 231(3) 375(4)
0(14) 140(3) 200(3) 229(3)
148(3) 213(3) 254(3)
H(11) 192(5) 218(5) 241(5)
H(12) 198(5) 232(5) 272(5)
H(13) 154(6) 247(5) 273(5)
0O(5) 189(3) 218(4) 280(3)
201(3) 246(3) 287(3)
0(6) 172(3) 229(3) 247(3)
189(3) 245(3) 266(3)
c(1) 185(3) 204(3) 225(3)
200(4) 203(5) 257(5)
C(2) 194(2) 258(5) 287(4)
211(5) 286(5) 286(5)
H(5) 192(5) 246(6) 293(5)
Me(1) 170(24) 294(16) 439(33)
Me(2) 191(22) 304(23) 610(53)
Me(3) 201(19) 338(22) 391(29)
Me(4) 199(22) 334(20) 449(33)
Me(5) 210(18) 285(21) 435(35)
Me(6) 262(28) 331(28) 411(38)
0(15) 182(3) 232(3) 280(3)
195(3) 253(3) 285(3)
0(16) 176(3) 199(3) 244(3)
183(3) 215(3) 268(3)
c(11) 181(3) 200(3) 212(2)
182(4) 199(5) 270(4)
c(12) 195(4) 234(5) 315(5)
230(5) 237(5) 318(5)
H(15) 210(6) 247(6) 304(6)
Me(11) 239(20) 255(21) 469(44)
Me(12) 219(18) 380(29) 479(42)
Me(13) 189(21) 274(19) 384(27)
Me(14) 195(21) 269(17) 557(43)
Me(15) 228(19) 339(24) 407(20)
Me(16) 192(23) 245(26) 502(37)
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.| (in electrons). A nega-

squares refinement).
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indicates a reflection with F2?<20.(F?) (not included in the least-

Table 4. Observed and calculated X-ray structure factors for CH,COOH.H;PO,. The

four columns are, in. order, the indices h and %, 10| F | and 10| F
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(c) (d)

Fig. 1. Difference maps through the planes of the methyl hydrogen atoms. The circles
indicate the positions of the atoms as determined by the preceding least-squares refine-
ment. The contour interval in all four maps is 0.01 x 1072 cm A™3. Contours: positive
and zero, solid lines; negative, broken lines. (a) The C(2) methyl group with calculated
structure factors based on the final parameters for the ordered structure model. The
atom at the far left is Me(1) followed by Me(3) and Me(5) reading in an anticlockwise
direction. (b) The C(2) methyl group with calculated structure factors based on the
final parameters for the disordered structure model. Again, the atom at the far left is
Me(1) followed by Me(2), Me(3), etc., reading in an anticlockwise direction. (¢) The C(12)
methyl group. Calculated structure factors as for (a). The atom at the uppermost position
is Me(15) followed by Me(11) and Me(13) reading in an anticlockwise direction. (d) The
C(12) methyl group. Calculated structure factors as for (b). Again, the atom at the upper-
most position is Me(15) followed by Me(16), Me(11), etc., reading in an anticlockwise
direction.

Acta Chem. Scand. 26 (1972) No. 4
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Difference maps were calculated through the planes of the methyl hydrogen .
atoms (see Fig. la and c¢). These maps were interpreted as indicating two
discrete equilibrium positions for the hydrogen atoms in each methyl group.
The least-squares refinement was now continued for a model with 6 hydrogen
atoms with occupancy factors of 0.5 for each methyl group. With anisotropic
thermal parameters for all 38 atoms the total number of parameters to be
refined was 343. Since the available core memory of the computer did not
permit simultaneous refinement of all parameters, this disordered structure
model had to be refined in blocks: the scale factor and all parameters for 31
atoms were refined at one time while the parameters for the remaining 7 atoms
were kept fixed. In the next cycle another set of 7 atoms was held fixed.
The parameters of the methyl group atoms were varied in all cycles. This
procedure was repeated until in the last cycle no non-methyl parameter
shifted by more than 0.2 ¢. The largest shift for any of the methyl carbon
atom parameters was 0.15 ¢. The mean shift in the positional parameters of
the methyl half-hydrogen atoms was 0.29 ¢ and the largest 0.7 . The corre-
sponding values for the thermal parameters of these atoms were 0.21 ¢ and
0.6 o, respectively. Since many of the methyl half-hydrogen atom parameters
are highly intercorrelated, further refinement did not seem justified. The
final residuals for the 1845 reflections used in the refinement were B =0.056
and R_=0.051. Use of Hamilton’s R ratio test'? indicated that the improve-
ment in R, compared to that of the ordered model was significant. Difference
maps calculated through the planes of the methyl hydrogen atoms of the
disordered model showed much reduced scattering density compared to

Fig. 2. Stereopair of an asymmetric unit of CH;COOH.H,PO,. Thermal ellipsoids are

scaled to include 20 9, probability. Covalent bonds are filled and hydrogen bonds open.

For clarity, the methyl half-hydrogen atoms only carry their respective numbers. The
following symmetry operations have been applied to the coordinates of Table 2:

Atoms P(1) to H(3): l—z, —y, 1—2
Atoms P(11) to H(13): x—1, gy, 1+=z
Atoms O(5) to Me(6): =z, Y, z
Atoms O(15) to Me(16): 1 -z, —y, 2—=2

Acta Chem. Scand. 26 (1972) No. 4
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the difference density of the ordered model and no interpretable detail (see
Fig. 1). The standard deviation for an observation of unit weight was 1.29.
The final positional and thermal parameters for the disordered model are
presented in Table 2 and the root-mean-square displacements along principal
axes of the thermal ellipsoids are given in Table 3. The numbering of the
atoms is shown in Figs. 2—4. The observed and calculated structure factors
are listed in Table 5. The neutron scattering lengths used were, in units of
1072 ¢m: 0.51, 0.58, 0.665, and —0.372 for P, O, C, and H, respectively.

COMPUTATION

The least-squares refinements of the neutron structure were carried out
on the CDC 6600 computer at Brookhaven National Laboratory (BNL). The
final refinements of the X-ray structure were done on the CDC 6600 computer
at the CDC Data Center in Stockholm. Other calculations were performed

0.987(5)

Fig. 3. Bond distances.

Acta Chem. Scand. 26 (1972) No. 4
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Table 5. Observed and calculated neutron structure factors for C
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Table 5. Continued.
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partly at BNL and partly on the CDC 3600 computer in Uppsala. In addition
to the programs presented briefly by Jonsson and Liminga '® the following
programs from the BNL crystallographic program library were used: EFACT
for calculation of normalized structure amplitudes, FORDAP for calculation
and plotting of Fourier syntheses, and XDATA to perform the Wilson plot.
These programs together with Long’s sign-determining program 8 were also
adapted for use on the CDC 3600 computer.

COMPARISON OF NEUTRON AND X-RAY RESULTS

The X-ray investigation was carried out chiefly with the intention of
solving the structure and was not aimed at obtaining highly accurate X-ray
data. For this reason no attempt was made to locate the hydrogen atoms using
the X-ray data. Nevertheless, a comparison of the heavy atom parameters
from the two final refinements is of some interest (see Table 2). In addition
to the parameter values with standard deviations this table also gives the
value of 4/c where 4 is defined as the X-ray obtained parameter value minus
the neutron obtained parameter value and ¢ is the combined standard devia-
tion defined as

o= (sz—ray + azneutron)l/é

The agreement between the positional parameters is relatively satisfactory,
only six of the positional parameters differ by more than twice the combined
standard deviations.

A comparison of the X-ray and neutron obtained thermal parameters
reveals large discrepancies for all 55 values. This must be due to the fact that
the crystal used for collecting the X-ray data was longer than the cross-section
of the primary beam so that, for the higher layers, a larger volume of the
crystal was bathed in the X-ray beam. The crystal was rotated around the
¢ axis so the systematic error introduced will mainly affect the f,, values.

Bond distances for the heavy atoms are compared in Table 6 and bond
angles in Fig. 4. Table 6 also gives the bond lengths calculated from the final
cycle of refinement for the ordered neutron structure model. With the excep-
tion of the two C—C distances, the results of the two neutron refinements
have no differences larger than about 1.5 times the combined standard devia-
tions. No significant differences therefore occur between distances not in-
volving the methyl atoms. This is expected since the parameters of the non-
methyl atoms are essentially uncorrelated with those of the methyl atoms.

Most of the neutron and X-ray obtained bond distances are in good agree-
ment; there are, however, a few significant differences. Since the X-ray data
are undoubtedly affected by systematic errors, only the neutron results will
be considered in the following discussion.

DISCUSSION OF THE STRUCTURE

The structure is composed of uncharged acetic acid and phosphoric acid’
molecules. The asymmetric unit of the structure contains two acetic acid
molecules and two phosphoric acid molecules. The two independent acetic

Acta Chem. Scand. 26 (1972) No. 4
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Table 6. Bond lengths. Neutron 1 is from the final refinement with an ordered model

for the methyl hydrogen atoms. Neutron 2 is based on the parameters given in Table 2

for the results from the final refinement using a disordered model for the methyl hydrogen
atoms. Distances given within brackets are corrected for thermal riding motion.

Neutron 1 Neutron 2 X-Ray

P(1) —0(1) 1.546(4) [1.559] 1.545(3) [1.558] 1.545(2) [1.558]
P(1) —-0(2) 1.548(4) [1.564] 1.549(3) [1.564] 1.552(2) [1.569]
P(1) —0(3) 1.540(4) [1.553] 1.538(3) [1.551] 1.533(2) [1.549]
P(1) —0(4) 1.484(4) [1.494] 1.486(3) [1.496] 1.482(2) [1.497]
O(1) —H(1) 1.008(7) 1.009(6)
0(2) —H(2) 0.976(8) 0.985(6)
O(3) —H(3) 0.986(7) 0.995(5)
P(11)—-O(11)  1.535(4) [1.550] 1.536(3) [1.551] 1.524(2) [1.543]
P(11)-0(12)  1.552(4) [1.586] 1.549(3) [1.582] 1.541(2) [1.579]
P(11)-0(13)  1.526(4) [1.560] 1.526(3) [1.560] 1.523(2) [1.559]
P(11)-0(14) 1.491(4) [1.499] 1.492(3) [1.499] 1.492(2) [1.501]
O(11)—H(11)  1.002(8) 1.005(6)
O(12) —H(12)  0.946(9) 0.962(6)
O(13)—H(13)  0.982(7) 0.987(5)
C(1) —0O(5) 1.308(4) [1.322] 1.306(3) [1.320] 1.302(4) [1.316]
C(1) —O0(6) 1.228(4) [1.235] 1.231(3) [1.239] 1.237(4) [1.244]
c(l) —C(2) 1.492(4) [1.512] 1.482(4) [1.502] 1.470(5) [1.494]
O(5) —H(5) 0.976(10) [0.979] 0.986(7) [0.992]
C(2) —Me(1) 0.974(16) [1.154] 1.07 (2) [1.13]
C(2) —Me(2) 1.06(3) [1.22]
C(2) —Me(3) 0.951(16) [1.162] 1.05(3) [1.11]
C(2) —Me(4) 1.05(2) [1.13]
C(2) —Me(5)  0.969(17) [1.155] 1.11(2)  [1.17]
C(2) —Me(6) 0.91(4) [0.99]

Mean C(2) —Me 0.965(10) 1.04(1)
C(11)—O(15) 1.296(4) [1.314] 1.297(3) [1.315] 1.305(4) [1.318]
C(11)—0(16) 1.230(4) [1.234] 1.229(3) [1.232] 1.231(4) [1.236]
C(11)—-C(12) 1.492(4) [1.516] 1.478(4) [1.504) 1.462(5) [1.486]
O(15) —H(15) 0.985(10) [0.998] 0.992(7) [1.006]
C(12)—Me(11)  0.963(14) [1.132] 1.04(3) [1.11]
C(12) —Me(12) 1.09(3) [1.19]
C(12) —Me(13)  0.942(15) [1.146] 1.00(2) [1.04]
C(12) —Me(14) 1.07(2) [1.18]
C(12)—Me(15)  0.968(20) [1.168] 1.09(3) [1.16]
C(12) —Me(16) 0.99(2) [1.08]

Mean C(12) —Me 0.958(10) 1.05(1)

acid molecules are connected by O—H:--O hydrogen bonds to form acetic
acid dimers. Each acetic acid molecule is joined by an O—H---O bond to
a phosphoric acid molecule as shown in Fig. 2. The remaining two hydrogen
atoms in each phosphoric acid molecule are engaged in O —H---O bonds
with phosphoric acid neighbors (see Fig. 5). A two-dimensional system of
hydrogen-bonded phosphoric acid molecules is thus formed giving infinite
puckered layers of phosphoric acid molecules in the structure. The acetic
acid dimers are situated between the phosphoric acid layers (a packing diagram
is given in Fig. 6).

Acta Chem. Scand. 26 (1972) No. 4
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Fig. 5. Stereoscopic illustration showing part of a hydrogen-bonded layer of phosphoric
acid molecules. Thermal ellipsoidsjare scaled to include 20 9, probability.

Fig. 6. Stereoscopic illustration of the packing in CH;COOH.H PO,. Thermal ellipsoids
are scaled to include 2 9, probability.

The acetic acid dimer

The structure contains acetic acid dimers composed of two crystallographi-
cally independent acetic acid molecules (Figs. 2—4). The methyl groups are
disordered, the final cycles of least-squares refinement being performed using
a model with six half-hydrogen atoms in each methyl group. The positional
and thermal parameters of the half-hydrogen atoms are not very accurately
determined since they are highly intercorrelated. The mean value for the C—H
distances in the two disordered methyl groups are 1.04(1) and 1.05(1) A.
These values are significantly shorter than the commonly accepted value

Acta Chem. Scand. 26 (1972) No. 4
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of 1.09 A. The mean C—H distances from the final ordered model refinement
are appreciably shorter, 0.965(10) and 0.958(10) A. 1t is clear that a relatively
large correction for thermal motion has to be applied to these values. The
corrected bond lengths assuming thermal riding motion!4 are given in Table 6.
As has been observed earlier for methyl groups 1%1¢ this correction leads to
bond lengths which are too long; the riding motion model is thus not appro-
priate in these cases.

The heavy atoms and the hydroxyl hydrogen atom of each acetic acid
molecule are coplanar. The equations for the least-squares planes of the acetic
acid molecules calculated according to Hamilton1? are listed in Table 7.

Table 7. Least-squares planes for acetic acid and distances of the atoms from these planes.

Equations for the planes are of the form A« + By + Cz— D =0, where x, y, z are fractional

-coordinates of the unit cell axes a, b, and ¢, and D is the distance of the plane from the

origin in A. A prime indicates that the symmetry operation: 1 —x, —y, 2—2z has been
applied to the atom.

Atoms defining plane Equation
1L 0O(3), 0(6), C(1), C(2), H(H) 5.183x+9.603y+2.4542-3.765=0
IL  O(15),0(16), C(11), C(12)’, H(15)" 5.156 0+ 9.527y +2.5633z— 3.891 =0
IIT  O(5), O(6), C(1), C(2), H(5), O(15)’,
O(16)’, C(11), C(12)", H(15) 5136 x+9.642y+2.4332—3.751=0
Displacements from plane ()
Plane 1 Plane II Plane 111
0O(5) 0.001(3) —0.012(3)
0(6) 0.001(3) —0.005(3)
C(1) —0.002(2) —0.007(2)
C(2) 0.007(5) 0.013(5)
H(5) 0.004(5) —0.015(5)
O(15) 0.000(3) 0.005(3)
O(16)’ 0.001(2) 0.019(2)
C(11)’ —0.002(2) 0.000(2)
C(12) 0.005(4) —0.019(4)
H(15)’ 0.006(5) 0.029(5)

The weight for each atom was obtained from the inverse matrix of the final
least-squares refinement cycle. Also listed is the equation of the plane for the
dimer based on ten atoms. None of these atoms deviate from the plane by
more than 0.03 A, but some of the deviations from the plane are nevertheless
highly significant.

The largest difference between corresponding bond lengths and angles
in the two independent acetic acid molecules are, except for values involving
the inaccurately determined half-hydrogen atoms, within twice their combined
standard deviations. This good agreement holds not only for covalent bond
lengths and angles but also for the corresponding parameters involving the
two internal hydrogen bonds (Figs. 3—4). The bond distances and angles
quoted in the following discussion of the acetic acid dimer will be the mean
values rather than the individual values. This is justified since no significant
differences exist between these values.

Acta Chem. Scand. 26 (1972) No. 4
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The normal crystalline modification of acetic acid has a structure compris-
ing infinite hydrogen-bonded chains of acetic acid molecules.!6,18,19 A com-
parison of the hydrogen bond lengths and angles in the present acetic acid
dimer with those of the acetic acid chain structure (neutron results) 1 reveals
certain differences. The two internal hydrogen bonds of the dimer have a
mean H-:-O distance of 1.698(4) A, the mean O---O distance is 2.685(3) A.
In the chain structure the corresponding values are 1.642(13) and 2.631(8) A.
The hydrogen bonds in the dimer have a mean O—H---O angle of 175.3(3)°
whereas the chain structure has a more bent hydrogen bond withan O —H---O
angle of 164.8(10)°. The acceptor oxygen atoms in the dimer, O(6) and O(16),
also act as acceptor atoms for hydrogen bonds donated by the phosphoric
acid molecules (Fig. 2). It therefore seems reasonable that their H---O distances
are slightly longer than in the chain structure.

The phosphoric acid layers

The two crystallographically independent phosphoric acid molecules show
some significant differences between corresponding bond lengths and angles.
This effect appears to be real. It must therefore be assumed that the geometry
of the phosphoric acid molecule is easily affected by differences in the surround-
ing force fields.

A neutron diffraction study of crystalline phosphoric acid has been carried
out by Cole.?® The structure consists of phosphoric acid molecules connected
in a sheet-like network by hydrogen bonds. It thus closely resembles the
phosphoric acid layers in the present structure. The bond lengths and angles
in the phosphoric acid molecules of the two structures agree reasonably well.
The mean values for the P — O(H) bond lengths are 1.546(2) A in the phosphoric
acid structure and 1.540(1) A in the present structure. The P—O distances
involving the oxygen atoms with no hydrogen atom directly attached have
a mean value of 1.489(2) A in the present structure, compared with the value
of 1.496(3) A for phosphoric acid itself.

The O —P — O angles in structures containing phosphoric acid are expected
to fall into two classes: the O(H) — P — O(H) angles should be smaller than the
tetrahedral angle, whereas the O —P—O(H) angles should be larger. This
has also been confirmed by Baur and Khan? for a number of structures
containing different phosphate groups. It is true for all the individual bond
angles of these categories in the phosphoric acid structure.?,?* The mean
value for the O(H)—P—O(H) bond angles was 105.9° and the mean value
for the O — P — O(H) bond angles was 112.7°. The corresponding values in the
present structure are 106.8 and 112.0°, respectively. Several of the individual
bond angles, however, do not agree with this general trend.

The P — O —H bond angles are, in both structures, appreciably larger than
the tetrahedral value. In crystalline phosphoric acid, the mean value for the
P—-0O-H angles is 117.0°, the corresponding value in the present structure
is 118.6°. Values larger than the tetrahedral angle have also been found for
the P—O—H bond angles in the H,PO,” ion. The mean P—O—H bond
angle in N,H;H,PO, and N,Hy(H,PO,), as determined by neutron diffraction
were 114.7 and 115.7°, respectively.13,22
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The bond lengths and angles of interest in connection with the hydrogen
bonds in the structure are summarized in Table 8. The hydrogen bonds connect-
ing the phosphoric acid molecules to one another are illustrated in Fig. 5.
These hydrogen bonds are similar in length to the corresponding bonds in
crystalline phosphoric acid for which the H---O distances were found to be
1.552(4) and 1.584(4) A.20

Table 8. Hydrogen-bond distances and angles.

X H Y z XY X-H H-Y/X-H-Y/H -Y-Z
(&) (A) (&) ) ()

o(1) H(1) 0(14)  P(11)  2.574(3) 1.009(6) 1.570(5) 172.3(4) 122.4(2)
0(2) H(2) 0(16)  C(11)  2.667(4) 0.985(6) 1.685(5) 174.2(4) 131.7(2)
0(3) H(3) 0(14)  P(1)  2.590(3) 0.995(5) 1.596(5) 176.7(4) 128.8(2)
o(11)  H(11) 0(4) P(1) 2.558(4) 1.005(6) 1.558(5) 172.9(4) 123.6(2)
0(12)  H(12)  0O(6) c(1) 2.617(4) 0.962(6) 1.662(5) 171.1(5) 128.8(2)
0(13)  H(13) O(4) P(1) 2.594(3)  0.987(5) 1.609(5) 175.5(5) 132.5(2)
0(5) H(5) 0O(16)  C(11)  2.681(4) 0.986(7) 1.697(6) 175.4(4) 124.5(2)

0O(15) H(15) 0(6) C(1) 2.688(4) 0.992(8) 1.699(6) 175.2(5) 123.9(2)

Short intermolecular contacts

All interatomic distances shorter than 3.4 A were calculated. Excluding
the hydrogen bonds, seven intermolecular contacts were shorter than the
sum of the van der Waals radii. The methyl half-hydrogen atoms were involved
in two short contacts, O(1)---Me(14)=2.54 A and O(11)---Me(16)=2.48 A.
An even shorter methyl hydrogen — oxygen contact of length 2.41 A was ob-
served in the neutron diffraction study of crystalline acetic acid.’®* The distance
between the two hydroxyl hydrogen atoms in the acetic acid dimer, H(5)---
H(15), was 2.301 A. The remaining short contacts involved the carbonyl
carbon atoms: C(1)---H(15)=2.595 A, C(11)---H(5)=2.599 A (both these
contacts are within one acetic acid dimer), C(1)---H(12)=2.616 A, and
C(11)---H(2)=2.665 A. The carbonyl carbon atom has earlier been found
to be involved in close approaches with oxygen atoms in a number of cyclic
di- and triketones.?3,24
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