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The Crystal Structure of Hydronium Perchlorate at —80 °C.
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The structure of the low temperature phase of perchloric acid monohydrate, stable below —30 °C.,
has been determined at —80 °C. The crystals belong to the monoclinic space group P2,/n with cell

parameters

a="T-54140-006, b=9-373 +0-011, ¢=5359+0-006 A; =97°41"+4".

The structure, which consists of hydrogen-bonded layers of perchlorate and hydronium ions, is
closely related to the orthorhombic structure stable above —30 °C. The two structures are compared
and a disordered model for the high temperature structure is proposed.

Introduction

The early observation (Volmer, 1924) that the X-ray
diffraction pattern of perchloric acid monohydrate
(m.p. 50 °C.) is very similar to that of ammonium
perchlorate led to the belief that the former com-
pound is ionized in the solid state. More recently this
belief has been confirmed through nuclear magnetic
resonance studies, which have yielded evidence of
hydronium ions, HzO+, in the solid, at least at low
temperature. Proton resonance spectra observed by
Kakiuchi et al. (1951, 1952) between room temperature
and 105 °K. show a gradual change in line shape
indicating a decrease in disorder with decreasing
temperature. The results were interpreted as showing
that the hydronium ions rotate above 150 °K. In-
dependently, Richards & Smith (1951) obtained NMR
spectra at 0 °C. and 90 °K. The results at 0 °C. indi-
cated that the hydronium ions undergo reorientation
in the solid at a frequency greater than about 50
ke.sec.”, and that the reorientation probably occurs
about more than one axis. At the lower temperature
no such reorientation was observed. A phase transition
was found at an intermediate temperature by Taylor
& Vidale (1956), who studied the Raman spectra of
large single crystals of perchloric acid monohydrate.
Due to the shattering of the crystals at the transition
temperature, found by Taylor & Vidale to be —30 °C.,
the spectra of the low temperature modification were
of poor quality. However the results indicated that the
low temperature phase is ordered and has hydronium
ions occupying sites of lower symmetry than the high
temperature, presumably disordered phase.

A complete X-ray structure determination of the
room temperature phase has recently been reported
by Lee & Carpenter (1959), confirming the presence
of hydronium ions. A disorder in the orientation of
the hydronium ijons is strongly suggested by the
coordination of perchlorate oxygens around the hydro-
nium ions, however, in view of the low scattering
power of hydrogen an ordered arrangement of the

Hs0+ ions could not be ruled out. In a very recent
neutron diffraction study of the room temperature
phase Smith & Levy (1959) have confirmed the
presence of orientational disorder in the hydronium
ions. While apparently more complicated than free
rotation, the detailed nature of the disorder is not
known at the present time.

The present X-ray diffraction study of the crystal
structure below the —30 °C. phase transition was
undertaken in an attempt to shed some additional
light on the nature of the transition.

Experimental

Crystals of the room temperature modification of
perchloric acid monohydrate were invariably found to
shatter on cooling through the transition temperature.
It therefore became necessary to devise a method
whereby single crystals of the low temperature
modification could be grown directly from a solution
at a temperature below the transition point (cf.
Lipscomb, 1957). Since the monohydrate is the lowest
hydrate formed by perchloric acid, and since the
anhydrous acid melts at —112 °C. (van Wyk, 1906),
the latter may be employed as a solvent from which
crystals of the low temperature modification of the
monohydrate can be grown.

To a sample of anhydrous perchloric acid was added
enough water to give a slush when the mixture was
cooled to dry ice temperature. The sample was kept
at dry ice temperature for a week or more, whereupon
small portions of the now coarsely crystalline slush
were transferred to a microscope cold stage cooled
from below and blanketed with cold, dry nitrogen gas.
A suitable crystal could now be selected and inserted
into a glass capillary held in a hole in a small block
of dry ice. The capillary was then sealed off, and
mounted on the precession camera by transferring it
from the dry ice block directly into the stream of
cold nitrogen gas which was used to keep it cold
during the subsequent X-ray work. From many un-
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successful attempts to mount single crystals of the low  precession camera at —80+5 °C. using two different-
temperature modification it was concluded that the single crystal specimens. A total of 811 independent
transition from the low to the high form is essentially reflections were found to be of measurable magnitude;
instantaneous upon warming to the transition tem- their intensities were measured by visual comparison
perature, and invariably results in a shattered crystal. ~with timed calibration exposures. 391 different reflec-

The diffraction data were collected on a standard tions measured on two or more reciprocal lattice nets

Table 1. Observed and calculated structure factors
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were used to place the 17 nets on a common scale
(Nordman, 1960).

Structure determination

The crystals of the low temperature modification of
perchloric acid monohydrate are monoclinic and belong
to the space group P2;/n. The lattice parameters, as
determined from measurements of high angle diffrac-
tion spots on precession photographs of several nets,
are, with their estimated standard deviations:

a="7-541 4 0-006, b=9-373 + 0-011, ¢=5-359 + 0-006 &,
B=97°41"+4'.

These values resemble the orthorhombic cell param-
eters of the high temperature modification reported
by Lee & Carpenter, namely

¢=17-339 4+ 0-004, a=9-065 + 0-008, b=5-569 + 0-004 A.

The unit-cell volume is 3754 + 0-7 A3 at —80 °C., and
370-5+0-5 A3 at room temperature. It is likely,
therefore, that the low-to-high transition itself is
accompanied by a slight decrease in molar volume.
The unit cell contains four formula units of perchloric
acid monohydrate.

The high temperature modification belongs to the
orthorhombic space group Pnrnma, with the axes
labeled as stated above. This space group contains
the symmetry elements 2;/% about a, which evidently
becomes the monoclinic 6 axis in the low temperature
form. Thus all the symmetry elements of the low form
are contained in the symmetry group of the high form.
The effect of the transition on the symmetry of the
orthorhombic phase can thus be described as a
moderate distortion of the lattice, making it mono-
clinic, with preservation of all symmetry elements
compatible with this distortion.

In view of these clues it was decided to attempt to
refine the monoclinic structure directly by least-
squares using the atomic coordinates of the ortho-
rhombic structure as starting parameters. Individual
isotropic thermal parameters were employed and the
off-diagonal terms in the least-squares matrix neg-
lected. The quantity R'=2w(KF,— F¢)2| XwK2F 2 was
minimized, taking w(hkl) as 3|Fmin./Fo(hkl)| or unity,
whichever was smaller. 250 low angle reflections were
included in the early stages. Although somewhat

CRYSTAL STRUCTURE OF HYDRONIUM PERCHLORATE AT —80°C.

sluggish in the first several cycles, the procedure
yielded the correct structure after generating net
shifts of approximately 0-5 A in the chlorine position,
and 09, 0-9, 0-4, 0-2 and 0-3 A in the five oxygen
positions. The level of agreement reached in this man-
ner, with all observed reflections included, was R=
0-098 and R’'=0-0145. A few additional cycles em-
ploying anisotropic thermal parameters improved the
agreement to E=0-062 and R'=0-0062.

At this stage the approximate locations of the three
hydrogen atoms could be safely deduced from the
presence of three characteristic hydrogen bonded
O---0 distances between the hydronium oxygen
and neighboring perchlorate ions. The hydrogens were
located independently, however, as fairly well resolved
peaks in a Fourier difference synthesis based on the
structure factor output of the anisotropic heavy-atom
refinement. The hydrogen atoms, with isotropic tem-
perature factors, were now included in F.; a few more
cycles of refinement reduced the discrepancies to
R=0-052 and R'=0-0040. Finally a small extinction
correction was applied. The observed structure factors
were multiplied by a correction factor

exp [ (K Fo)2(1+ cos? 20)/sin 26],

where x was taken as 1:5x10-6, This correction in-
creased 20 structure factors by 19, or more, 6 by 59,
or more, the greatest correction (139%) being applied
to F(200). Further refinement produced slight changes
in the scale and temperature factors, giving final
residuals of R=0-049 and R’=0-0036. The observed
(corrected) and calculated structure factors of the
observed reflections are listed in Table 1. The scatter-
ing factors used in the refinement were that of Dawson
(1960) for Cl, Berghuis et al. (1955) for O, and McWeeny
(1951) for H.

Table 2. Atomic coordinates and standard deviations

Table 3. Thermal parameters

(x
Atom Bu Bas Bsa

Cl 85+2 35+2 89+2
0, 102+3 109+4 241+8
O, 215+6 4042 160+ 2
O, 15245 64+4 140+ 38
0, 105+5 50+1 136+4
0; 114+5 41+2 140+ 6
H, B=
H,

Atom x y z
Cl 0-2184+0-0001  0-4643 +0-0001  0-2779 + 0-0001
0, 00523 +0-0002  0-3920+0-0005 0-2317 + 0-0005
O, 0:1925+0-:0004 0-615210:0002  0-3242 + 0-0006
O4 0-3138 +0-0004 0-4517+0-0002 0-0619 + 0-0007
O,  0:3258+0:0004 0-4039+0-0003  0-4989 + 0-0005
O, 0-3250 +0-0002  0-6926+0-0002  0-7866 + 0-0004
H, 0279 +0-018 0-679 +0-009 0-650 +0-014
H, 0-330 +0-008 0-621 +0-004 0-876 +0-010
Hg 0274 +0-006 0-765 +0-008 0-864 +0-013
10%)
B1z Bes Bas
-5+ 1 +6+ 1 +33+ 2
—83+ 5 +69+10 —33+13
+65+ 7 —T7+14 +50+11
+30+10 +18+10 +120+ 9
—-17+ 5 +43+ 5 —24+ 8
+7+ 6 -7+ 4 +40+11
0 Az



C. E. NORDMAN 21

The final values of the atomic coordinates and
thermal parameters are given in Tables 2 and 3.
The six anisotropic thermal parameters given for the
non-hydrogen atoms are those in the temperature
factor

exp [ — (h2B11 + k2P + 12z + hk fr2+ Kl fas+ Al f1s)] .

In order to estimate the standard deviations of the
parameters the structure factors were divided into six
equal sets with the same distribution in sin 6/4 but
otherwise selected at random. Each such set was
refined through four cyecles of least-squares, enough
to insure virtually complete refinement. In this way
six essentially independent values were obtained for
each positional and thermal parameter. The estimates
of the standard deviations listed in Tables 2 and 3
were taken as
[Zrd/nn—1)]E,
2

where ri(i=1, ..., n) is the deviation from the mean
of an individual value, and »=6 in this case.

Discussion

A schematic representation of the structure viewed
along the shortest crystallographic axis (¢) is shown
in Fig. 1(b). The hydronium and perchlorate ions are
arranged in hydrogen-bonded sheets, parallel to the
yz plane, in which each hydronium ion is hydrogen
bonded to three different perchlorate ions. Fig. 2
shows the arrangement of ions and hydrogen bonds
within one such sheet. Interatomic distances and bond
angles are given in Table 4.

Considering first the hydronium ion and its sur-
roundings we find the ion to be pyramidal, as expected.
The H-O-H angle is approximately 112°, not signif-
icantly different from the value 117° found in hydrogen
chloride monohydrate (Yoon & Carpenter, 1959). The
pyramidal configuration of the H3O+ ion also man-
ifests itself in the angles formed by the three O-H---O
hydrogen bonds about the hydronium oxygen. In an
average sense these three angles agree very closely with
corresponding angles in nitric acid trihydrate (hydro-
nium nitrate dihydrate) reported as 103, 113 and 118°
(Luzzati, 1953) and the value 110-4 found by Yoon
& Carpenter for the angles between the three sym-
metrically equivalent O-H - :-Cl bonds about the
OH;+ jon in hydrogen chloride monohydrate (hydro-
nijum chloride). Our O-H distances appear to be shorter
than the value 0-96+0-08 A reported by Yoon &
Carpenter, but in view of the large standard deviations
the difference can hardly be considered significant.
A similar disagreement exists between the H---H
distance of about 1-4 A calculated from the data of
Table 4 and the values 1-58 and 1-72 A (Kakiuchi et al.,
1951; Richards & Smith, 1951) found by NMR.
The discrepancy could be reduced somewhat by
correcting the O-H distances for oscillational motion
of the hydronium ion. Although the thermal param-

O—

a
®)

Fig. 1. (a) Schematic projection of the room temperature
structure according to Lee & Carpenter, showing H;O0t...0
contacts. (b) Corresponding projection of the low tem-
perature structure showing hydrogen bonds.

&

Fig. 2. A portion of the low temperature structure showing
the arrangement of perchlorate and hydronium ions within
a hydrogen bonded sheet. Electron density contours are at
intervals of 4 e.A~3 for O and 8 e.A—3 for Cl. Contours of
the electron density of H, as given by a difference Fourier
synthesis, are at intervals of 0-25 e.A~3. Zero contours
omitted.

eters of the hydrogen atoms (Table 3) are too in-
accurate to yield any reliable estimate of this error,



22

it could be expected to amount to at least a few
hundredths of an A.

Table 4. Interatomic distances and bond angles
(@) Distances (4) (b) Angles (°)

Cl-0,  1-445+0-006 0,-Cl-0, 111-1+0-3
Cl-0,  1-478+0-005 0,-Cl-0, 110-1+0-2
Cl-0,  1-465+0-007 0,-C1-0, 109-8 +0-3
C1—0, 1-468+0-006 0,-CI-04 1081 %03
0,-C-0, 108:2 +0-2
0,-H, 078 +£0-06 0,-Cl-0, 109-5+£0-3
0,-H, 082 +0:05
0,-H, 091 +0-11 H,-O,-H, 113 +9
H,-0,-H, 110 +4
0,-H,...0, 264 +0-01 H-O,-H, 112 +5
0.-H,...0;" 271 +0-01
0,-H,...0, 263 +0-01 0,~(H,~04~H,)-0," 1043 +0-5

0,'~(Hy~05—Hy)~0,” 110-0 + 0-5
0,-(H,-04-H,)-0,’ 118-9+0-5

The lengths of the three hydrogen bonds are 2-64,
2:71 and 263 A. The shortest non-hydrogen bonded
O - - - O contact made by the hydronium ion is 2-94 A,
roughly along the threefold axis of the HsO+ ion, on
its concave side. The next shortest HzO+--- O dis-
tances are 305, 3:12 and 3:16 A. The three angles
formed by the hydrogen bonds with their adjoining
Cl-0 bonds are very nearly equal, 113, 115 and 115°.

Fig. 1(a) shows the corresponding view of the room
temperature modification (Lee & Carpenter, 1959).
The similarity of the two structures is quite apparent.
Lee & Carpenter found that the hydronium ion is sur-
rounded by twelve oxygen neighbors within 3-40 A.
These contacts are shown as broken lines in Fig. 1(a).
Due to the presence of a mirror plane through the
hydronium oxygen, parallel to the paper some of these
contacts overlap in the figure.

In an attempt to deduce a plausible picture of the
behavior of the H3O+ ion in the phase transition we
have compiled the comparison of the two structures
given in Table 5. Assuming that the hydronium ion
in the room temperature form is disordered, or tumb-
ling, among two or more different orientations, we
may look for a likely set of such orientations by
surveying the distances and angles of the O---0
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contacts. Among the twelve contacts within 3-40 A
we find four symmetrically independent sets of three,
having all three angles in the range 90 to 130°. These
are designated (a¢)-(d) in Table 5 and Fig. 1(a). Each
of the first two corresponds to two distinct but
symmetrically equivalent sets of contacts due to the
presence of mirror symmetry. In columns 3 and 4 of
the table are given the angles and distances of these
possible HzO+ orientations in the room temperature
modifications. Columns 5 and 6 list the corresponding
H30 - - - O distances in the low temperature form.
Since the two structures are sufficiently similar there
is no ambiguity as to which distances ‘correspond’
to each other.

Although one of the distances in set (@) is longer
(3-40 A) than even a ‘partial’ hydrogen bond, the other
two are the shortest ones present. Furthermore, one
of the sets (a) corresponds to the orientation of the
hydronium ion in the low temperature structure, as
shown by the distances in column 5. It is therefore
very reasonable to propose that if the ion is disordered
among two or more orientations, the ones represented
by (a) are contributing structures.

The angles in set (b) are favorable. One distance
(2-86 A) is common to (a) and (b). The other two are
both shorter than either of their respective low tem-
perature counterparts suggesting that the sets (b)
represent probable orientations of the disordered HsO+
ion. Set (¢) appears somewhat less favorable. While
the 2:93 A distance might be an O-H - - - O contact,
it is not greatly lengthened in going to the low tem-
perature form, where the 2-94 A distance is known
not to be a hydrogen bond. Finally, the orientation
corresponding to (d) is unlikely to have a significantly
higher than random probability, on account of its very
long HgO+ - - - O distances.

In summary, the preceding argument suggests as
an at least plausible model for the room temperature
structure one in which the hydronium ions are dis-
ordered among the four orientations (a) and (b) with
the possible addition of (¢). An experimental test of
the validity of this model is clearly beyond the power
of X-ray diffraction. It is to be hoped that accurate

Table 5. Possible orientations of the H O+ ion in the room temperature modification

0...(H,0%

angles

100-5°
106-2
121-9

103-0
106-3
108-9

102-2
102-2
127-7

110-1
123-2
123-2

Designation ~ Multiplicity

(a) 2

(b)

(c) 1

(@ 1

...0 H;0+...0 HO*...O distances

distances in low temp. phase
2-86 263 3-16
2-92 2-71 312
3-40 2-64 3-26
2.86 2:63 316
2.99 305 3-34
310 357 3.22
293 294
3-10 3-22
3:10 357
3:16 3-29
3:40 2-64
8:40 326
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neutron diffraction work will yield the definitive
answer.

As expected, the largest r.m.s. amplitudes of thermal:

vibration of the chlorine and hydronium oxygens,
0-16 and 0-18 A, respectively, are approximately per-
pendicular to the yz plane, that is, perpendicular to
the hydrogen bonded sheets. The average r.m.s.
amplitudes parallel to the sheets are 0-12 and 0-14 A
The thermal anisotropy of the perchlorate oxygens is
very strong. The directions of maximum motion, with
r.m.s. amplitudes of 0-19 to 0-25 A, are in all cases
approximately perpendicular to the C1-O bonds, while
the minimum motions with r.m.s. amplitudes of only
0-12 to 0-15 A are in the directions of these bonds.
The r.m.s. amplitudes of chlorine and oxygen atoms
along a bond joining them were found to be equal
within experimental error in all cases, the differences
being apparently random in sign and averaging less
than 49% in magnitude. The along-the-bond r.m.s.
amplitudes of hydrogen bonded oxygen atoms give a
vague indication that the hydronium oxygen vibrates
with a smaller amplitude than the perchlorate oxygens,
implying some stretching of the hydrogen bond. The
differences are small, however, averaging 7% of the
r.m.s. amplitudes, and can hardly be considered
significant, particularly in view of the errors that might
have arisen from the different states of ionization of
the perchlorate and hydronium oxygens.

The oscillation corrections (Cruickshank, 1956) to
be added to the apparent Cl-O bond lengths range
from 0-011 to 0-029 A considerably exceeding the
standard deviations in these distances as calculated
from the least-squares coordinates. The corrected Cl-O
bond distances given in Table 4 are in good agreement
with values found in several other perchlorates and
in the room temperature modification of hydronium
perchlorate itself (Gillespie, Sparks & Trueblood, 1959;
Truter, Cruickshank & Jeffrey, 1960; Truter, 1961).
It is interesting to note that the three perchlorate
oxygens, Oz, Oz and Oy, which are hydrogen bonded
to the hydronium ion, have Cl-O distances somewhat

longer than that of the non-hydrogen bonded oxygen
atom O;.
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