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Dynamic proton disorder and the 1l1-I structural

phase transition in (NH,);H(SO,),

X-ray powder diffraction, differential scanning calorimetry
(DSC)/thermogravimetry (TG) and single-crystal neutron
diffraction methods were used to investigate triammonium
hydrogen disulfate (NH4);H(SO,), (TAHS) in the tempera-
ture range between 293 and 493 K. The temperature-
dependent X-ray powder diffraction measurements show a
clear hysteresis of the I <> II phase transition of TAHS with
transition temperatures of T, = 412.9 (1) K on heating and of
Tiown = 402.6 (1) K on cooling. From the existence of
hysteresis and from the jump-like changes of the lattice
parameters, the I <> II phase transition of TAHS is considered
to be first order. With DSC/TG measurements we confirmed
that there is only one phase transition between 293 and 493 K.
Through careful investigation on single crystals of TAHS using
neutron diffraction, the correct space group (C2/c) of room-
temperature TAHS-II phase was confirmed. Crystal structure
analysis by single-crystal neutron diffraction showed a
strongly elongated displacement ellipsoid of the proton which
lies in the middle of the (SO,)H(SO4) dimer with 1 local
symmetry. The protons of the NH, groups also show strongly
enlarged anisotropic mean-square displacements. These find-
ings are interpreted in terms of a characteristic proton
disorder in the TAHS-II phase.

1. Introduction

Triammonium hydrogen disulfate (NH,);H(SO,), (TAHS)
belongs to the well known family of compounds with the
general formula M;H(XO,), (M = NH},K*, Rb™, Cs*; X =S,
Se). These compounds are characterized by the strong
hydrogen bond between two XO2~ ions forming a
(XO,)H(XO,) dimer. For a few decades there has been a
continuous interest in studying TAHS for its rich poly-
morphism involving six different phases (Gesi, 1976) and for
its superprotonic conductivity in its high-temperature phase
(Chen et al., 2000). The series of phase transitions is shown in
the following with its denotation and phase transition
temperatures

63K 133K 141K 265K 413K
VI<«— V<« IV« Il «— Il «—1.

Phase I is paraelastic and phase II is ferroelastic. Crystal
structure analysis of TAHS in phases I, II, III, IV and V have
only been performed so far by single-crystal X-ray diffraction
(Swain & Row, 2007; Dominiak et al., 2003; Friese et al., 2002).
However, the proton disorder in the hydrogen bond of the
(SO,H(SO,) dimer and of the NH, groups cannot be
described sufficiently with X-ray diffraction methods. Since
the understanding of the hydrogen ordering is of fundamental
importance to explain the mechanisms of the phase transitions
of TAHS, we performed neutron diffraction studies on single
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crystals. Moreover, we carried out a careful investigation
regarding the space-group symmetry of TAHS in its room-
temperature phase II, because an ambiguity exists concerning
the correct space-group symmetry of TAHS-II (Tamura e al.,
1999).

Another aspect concerns the existence of additional phase
transitions of TAHS. In the literature, Chen et al. (2000) and
Fukami ef al. (1994) reported on anomalies from impedance
spectroscopy and DSC measurements at 433 and at 463 K,
respectively, which were interpreted as new phase transitions
above room temperature. We performed detailed X-ray
powder diffraction studies and DSC/TG measurements in
order to verify these results.

2. Experimental
2.1. Crystal growth and powder sample preparation

Single crystals of TAHS were grown from aqueous solution
both by slow evaporation and by the temperature-cooling
method. Transparent platelet-like crystals were grown with a
dominant face of (001) and a pseudo-hexagonal habitus. The
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(a) A section of repeated X-ray powder diffraction patterns of ground
crystals in air at a fixed temperature of 367.5 (1) K. (b) Integral intensity
of the 111 reflection as a function of time.

quality of powder samples plays a significant role not only for
X-ray and DSC measurements but also for other physical
studies, since it can affect the results of the experiments. We
first tried to obtain powder samples of TAHS through preci-
pitation in acetone. However, the X-ray powder diffracto-
grams showed that these samples were not single phase. To
obtain single-phase powder samples, single crystals of TAHS
were ground. Powders which were ground under normal
conditions in an agate mortar in air yield single-phase X-ray
powder diffraction patterns of TAHS-II with, in addition,
some enhanced and structured backgrounds. On heating a
dramatic increase of Bragg-peak intensities was observed,
which could be attributed to a recrystallization of water-
containing minor phases on the surface of the platelet-like
powder grains. We assumed that these minor phases were
caused by pressure and atmospheric humidity during the
grinding process. Fig. 1 shows a section of complete powder
patterns which were repeatedly recorded at a constant
temperature of 367.5 (1) K (1 h each). As shown in the
diagram, there is an increase of reflection intensities, but no
change of the reflection positions. Stable conditions were
achieved after ca 3 h. These preparation-induced phenomena
were avoided by grinding single crystals in a glovebox under a
dry atmosphere (relative humidity in the range ~ 0.4-1.2%).

The ground powder samples of TAHS show in general a
pronounced texture, which is increased by surface recrys-
tallization depending on the sample preparation. In order to
confirm that the powder samples of TAHS were strongly
textured, we performed an X-ray diffraction measurement
with a two-dimensional image-plate detector. The powder
samples were thereby introduced into a capillary with a
diameter of 0.7 mm. In Fig. 2 the texture effect is clearly visible
by the powder rings decorated with distinct reflections.

Figure 2

Powder diffraction pattern recorded with a two-dimensional image-plate
detector (IPDS 2 Stoe) perpendicular to the incident monochromated X-
ray beam (Mo Ko). The powder rings are decorated by distinct
reflections, which clearly show the texture problem of the sample.
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Table 1

Experimental and refinement details of single-crystal neutron diffraction.

Crystal data

Conventional model

Split-atom model

Chemical formula HO4S,-3H,N HO,S,-3H,N

M, 24725 24725

Cell setting, space group Monoclinic, C2/c Monoclinic, C2/c
Temperature (K) 293 (2) 293 (2)

a, b, c (A) 15.429 (8), 5.861 (3), 10.167 (5) 15.429 (8), 5.861 (3), 10.167 (5)
B () 101.83 (5) 101.83 (5)

V (A% 899.9 (8) 899.9 (8)

V4 4 4

D, Mgm™) 1.825 1.825

Radiation type Neutron Neutron

wu (mm™?) 0.22 0.22

Crystal form, colour Cuboid, white Cuboid, white
Crystal size (mm) 3x3x%x3 3x3x3

Data collection

Diffractometer Four-circle Four-circle

Data collection method  scan  scan
Absorption correction None None

No. of measured, independent and

observed reflections

1169, 1143, 770

1169, 1143, 770

Criterion for observed reflections [ > 20([) 1>20(I)
Rint 0.039 0.039
Omax () 375 375

No. and frequency of standard
reflections

2 every 600 min

2 every 600 min

Intensity decay (%) 0 0

Refinement

Refinement on F? F?
R[F?*>20(F?)], wR(F?), S 0.094, 0.144, 1.97 0.094, 0.144, 1.98
No. of reflections 1143 1143

No. of parameters 120 118

H-atom treatment
Weighting scheme

(A/O-)max N
Apmaxv Apmin (e A73)

Refined independently

w = 1/[0*(F%) + 7P), where
P = (F?+2F%/3

< 0.0001

1.07, —1.24

Refined independently

w = 1/[0*(F%) + 7P, where
P=(F:+2F%)/3

< 0.0001

1.11,—1.24

Computer programs used: DIFAN (Stoe & Cie, 1991), PRON (Scherf, 1998), SHELXL97 (Sheldrick, 2008), ATOMS

(Dowty, 2000).

2.2. X-ray powder diffraction

X-ray powder diffraction patterns were recorded with an

intensities was collected up to (sin6/A)

There were no significant changes
between these complete powder
patterns collected at a fixed
temperature. A strong texture effect
occurred owing to the plate-like shape
of the crystal grains (see Fig. 2).
Therefore, only profile-matching of
the data by the FULLPROF program
(Rodriguez-Carvajal, 2001) and no
Rietveld refinement was performed.

2.3. DSC/TG

The DSC/TG measurements were
performed with a Netzsch STA 409
apparatus in the temperature range
between 293.0 (5) and 493.0 (5) K.
The heating and the cooling rate of
3K min~! was chosen, because the
time-dependent thermal decomposi-
tion is not visible under these condi-
tions up to 493.0 (5) K. To verify
whether the results were repro-
ducible, experiments were repeated
under the same conditions. It was also
checked with the DSC/TG method if
there is more than one phase transi-
tion above room temperature.

2.4. Single-crystal neutron diffraction

Single-crystal neutron diffraction
studies were performed at room
temperature on the four-circle
diffractometer SV28 at the research
reactor DIDO/FZ-Jillich with a
wavelength of A = 0.87238 (S)A
[Cu(220) monochromator]. A
complete dataset of Bragg reflection
max = 0.7 A" using a

X’pert PRO diffractometer (PANalytical). The data were
collected in Bragg-Brentano geometry using Cu Ko, , radia-
tion. Owing to the -6 geometry of the diffractometer, the flat
sample stayed fixed in the horizontal plane. The intensity was
recorded by a position-sensitive detector (X’Celerator,
PANalytical). For the high-temperature measurements a
specially developed furnace was used where the platinum
heater serves at the same time as the sample holder. The
temperature of the sample was controlled by a NiCr-Ni
thermocouple in direct contact with the platinum heater, and a
stability of £ 0.1 K was achieved. A Si standard was added to
the powder sample of TAHS to correct for changes in sample
geometry with temperature. Diffraction patterns were
measured at various temperatures in a step-like manner
between 297.4 (1) and 427.4 (1) K in the 26 range from 10 to
90° with A26 = 0.008°. At each temperature the complete
powder patterns recorded in ~1h were repeated several
times in order to control the stability of the measurements.

single crystal of 3 x 3 x 3 mm’. Data reduction was performed
with the program PRON (Scherf, 1998). The structure
refinement was carried out with the SHELXL97 program
(Sheldrick, 2008). The experimental details are given in Table
1!

3. Results and discussion
3.1. X-ray powder diffraction

The purpose of the X-ray powder measurements was firstly
to determine the lattice parameters of TAHS in the room- and
high-temperature phases and to check whether more than one
phase transition exists above room temperature. As described
in §2.1, TAHS single crystals were ground with Si standard and

! Supplementary data for this paper are available from the TUCr electronic
archives (Reference: GW5001). Services for accessing these data are described
at the back of the journal.
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Table 2

Crystallographic data of TAHS from powder X-ray diffraction measurements in
phases TAHS-II and TAHS-I.

Phase

TAHS-II

TAHS-I

immediately placed on a sample holder in a glovebox
under a dry atmosphere. Powder samples obtained in
this way yield a single-phase TAHS-II diffractogram
of good quality which does not change with time.

Cell setting, space group
Temperature (K)

Monoclinic, C2/c
297

Hexagonal, R3m

423

When heating from room temperature up to
4274 (1) K followed immediately by cooling back to

a, bo, c(A) 15.431 (8), 5.861 (3), 10.169 (5)  5.907 (3), 5.907 (3), 22.57 (1) 297.4 (1) K, we obtained reproducible powder
,3/((/{3) ;8(1)123(5) 68211 3) patterns concerning the peak positions, line shapes
Z 4 3 and intensities. Only one phase transition was
D, (Mgm™) 1.824 1.806 observed above room temperature. The crystal-
lographic data of TAHS-II and TAHS-I phases are
summarized in Table 2.
—— The results of the profile-
25000 matching  refinements of
fts e TR T TR R SRR S TAHS-II and TAHS-I are
w6 E 3 shown in Fig. 3. The lattice
- ] parameters and  unit-cell
28000 |- . - Yeale - volume of TAHS as a function
- — Yobs-Vealo B of temperature are presented in
23000 s - E Fig. 4. The data of the rhom-
T o0 E { 3 bohedral high-temperature
3 o o phase TAHS-I were converted
g mooe |E . = to the monoclinic lattice of the
% - ) . room-temperature  structure
§ o = 3 TAHS-II (a, =3a, + ib, —
- ] 2¢,, b, =—b, c,=c,) for a
L A = l LU ‘ “ “l i L., A i R O better comparison. From the
20 F LEEnrn | FIIHN ROE ECA I VD ) e e -IIL!IIII[III.II]F jump of the a, b, B l.attice
o ! | | I parameters, the unit-cell
7000 = h . E volume of TAHS and from the
S “t 1 Ayt . observed hysteresis, the I <> 11
-12000 e EE— phase transition of TAHS can
1 15 % H 42 % o 66 1 iz °° be characterized as a first-order
il phase transition. A possible
TAHS-I group-subgroup relation
80000 B o e B B e e i o S AR B e between the TAHS-I and
B ] TAHS-II phases exists
60000 |- b a - k2]
B L ] R3m (TAHS-I) «—
B i } : 41, , ] R3c(c = 2¢) LN
3 e | ] C12/¢1 (TAHS-II).
= - -
g B ‘ 1 which is combined with a
Rl 7 doubling of the ¢ lattice para-
E B l . meter. The  temperature-
£ , ;, _ I I |. ol F Mg aan e — £ E dependent intensity of the 110
| Ji =0 | IS T e ~|| L :|"|'| | WO DL | reflection of the monoclinic
B ' ; ] TAHS-II phase, which disap-
o~ B ' i i { . . pears in the rhombohedral
1 | fl TAHS-I phase, confirmed the I
B R <> II phase transition (Fig. 5).
wiiie Ll g i s e N s e ¢ e e g aeEr e ol The integral intensity of this
io 18 g 44 45 % o8 ek - g5 i relatively weak  reflection,
260 (%) which is strongly affected by

Figure 3

Profile-matching of TAHS-II and TAHS-I phases with Si standard at 297.4 (1) and at 427.4 (1) K, respectively.

the background correction, is
more or less constant up to the
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phase transition. There is a clear hysteresis of ~ 10 K with
transition temperatures of Ty, = 412.9 (1) K upon heating and
of Tyown = 402.6 (1) K upon cooling.

Owing to the high quality and reproducibility of our X-ray
powder diffraction measurements on TAHS, we are able to
show that the background of the powder patterns changes
significantly with temperature. In Fig. 6 the background
decreases continuously with decreasing temperature from
4274 (1) to 297.4 (1) K with a significant step at the phase
transition temperature. An increased background resulting
from diffuse scattering can be attributed to structural disorder.
Although phases TAHS-I and TAHS-II are both dynamically
disordered, it becomes obvious that the degree of disorder is
reduced considerably when passing from the high-tempera-
ture superprotonic TAHS-I to the TAHS-II room-tempera-
ture phase. Moreover, there is a continuous decrease of
disorder in the monoclinic TAHS-II phase with decreasing
temperature.

Since the contribution of the H atoms to the X-ray
diffraction intensity is rather small, it can be assumed that the
diffuse background scattering does not only originate from the
H atoms but additionally from contributions of the hydrogen-

linked (SO,)H(SO,) dimers. The peak shape of the Bragg
reflections is well established according to the resolution
function of the instrument and does not change significantly as
a function of temperature for the two phases TAHS-II and
TAHS-L

The dynamical disorder of the protons of the NH, groups
and the (SO,)H(SO,) dimers in TAHS were recently studied
by Fechtelkord et al. (2007) using NMR techniques. They
confirm an increase of proton dynamics within the
(SO,)H(SO,) dimer in the TAHS-II phase when approaching
the I <> II transition, with a major change at the phase tran-
sition temperature. The coexistence range of the ferro- and
paraelastic phases of ~ 15 K corresponds to the hysteresis
width of our experiments of ~ 10 K.

3.2. DSC/TG

When the powder sample of TAHS was ground and
prepared under normal conditions in air, we could observe a
continuous falling of the TG line as the temperature increased
(Fig. 7). However, the powder sample which had been
prepared in a glovebox showed a constant TG line (Fig. 8).

This is in accordance with our X-
ray powder diffraction results

15.470 - - - - 5920 T T T T . .
» heating ' l . lwalms‘ (§2.1). The weight loss is due to
1l ¢ coolin d 5 4 coolin; i .
15.460 g Al 3210 g e the evaporation of H,O on
H 1 111 * .
g 15450 & e Z 5900 T - heatlgg.
§15a0] f 1 { B 5890 B Using the DSC/TG measure-
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g 15.430 4 % 5.880 F g J . -
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Q ) & o
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T, & T T : :
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10250 R R 103.00 ey . .
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10240 cooling 102.80 4 coolin .
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2 10220 { Z 102604 - 412.5 (5) K on cooling with an
g 102104 /'/ 1 5 10240 ] exothermic S{gnal (E1g. 8). A
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] I~ 1 E 10220 - .
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= 10.1704 o E T e : 1 . .

10160 A 101.804 —1r : 1 tional anomalies.

To 15 Tows T e L On the other hand, when the
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Temperature (K) Temperature (K) 493.0 (5) K, kept at this

0124 | = heating| : : ; ; temperature for 2 h and cooled

ing| .

PG IEE. .. down again, we observed many

s new peaks on cooling (Fig. 9),

ik i which were not reproducible. We

i Fa interpret our results in the

< 904 - o .

= s context of thermal decomposi-
2 4 o2 .

- i tion at temperatures above the

o i structural phase transition. We

898 Tii Ty igure 4 . also observed from X-ray
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Temperature-dependent integral intensity of the 110 reflection on heating
and cooling.
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Decrease of the background intensity from the high-temperature phase
TAHS-I at 4274 (1) K to the room-temperature phase TAHS-II at
297.4 (1) K. (a) An enlarged section of the diffraction pattern between
20 < 26 < 42°. (b) Background intensity averaged over the 26 range from
37 to 38° (according to the arrows in ) as a function of temperature.

high-temperature phase the sample showed additional peaks
and broadening of peak lines, which indicated that the sample
was no longer single phase. These additional peaks could be
attributed to (NH,)H(SO,) (Nelmes, 1971). With the DSC
measurements we confirmed that there is only one phase
transition in the temperature range up to 493.0 (5) K. This is
valid for powder samples prepared under dry conditions (Fig.
8) as well as normal conditions (Fig. 7). The other two phase
transitions above room temperature mentioned in the litera-
ture were reportedly found when the sample was heated with a
very low heating rate (1 and 0.1 K min~' around the phase
transition temperature by Chen et al., 2000, and 0.25 K min "
by Fukami et al, 1994). As it is unknown whether those
heating experiments were followed by cooling measurements
and additional heating/cooling cycles, the question of a
possible thermal decomposition of the sample still remains.

3.3. Single-crystal neutron diffraction

3.3.1. Space-group symmetry of the TAHS-II phase. There
exists some controversy concerning the ‘true’ space-group
symmetry of the room-temperature phase of TAHS-II. The
majority of papers in the literature supports the choice of
centrosymmetric space group C12/cl (No. 15) in the
conventional setting of the International Tables for Crystal-
lography (Hahn, 2002) with lattice parameters a¢ = 15.431 (8),
b-=5.861 (3),c-=10.169 (5) A and B =101.83 (5)° (Swain &
Row, 2007; Dominiak et al., 2003; Friese et al., 2002). In older
publications a different choice of basis vectors (viz. inter-
change of basis vectors a and ¢) of the lattice led to the space-
group symbol A2/a (in full notation A12/al) with a, = cc,
b, = —b. and ¢, = a. (Suzuki & Makita, 1978). This space-
group notation should not be confused with A2/a of Inter-
national Tables for Crystallography (Hahn, 2002; in full
notation A112/a) with the monoclinic unique axis ¢ and
a, =cc, by =ac,and ¢\, = b.

Ta_ss (%) DSC/uV

< 1 140
0 —%M <30
e, :
E e TR 3
e L S
2t TG—; 20
4t 10
6 {f R DSC 0
-8 " ) . ) . . . : i-10
293 333 373 413 453
Temperature (K)
Figure 7

DSC/TG measurements of powder samples of TAHS prepared under
‘normal’ conditions. TG decreases continuously as the temperature rises.
There is only one phase transition at 412.4 (5) K on heating up to
473.0 (5) K.
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Table 3

Reflection conditions for space groups C12/cl, A12/al and A112/a.
Reflections C12/cl Al2/al All2/a
hkl h+k=2n k+1=2n k+1=2n
h0l h,l=2n h,l=2n 1=2n
19] k=2n k+1=2n k+1=2n
hk0 h+k=2n k=2n h, k=2n

In diffraction experiments the space groups C12/c1, A12/al
and A112/a yield the conditions for possible Bragg reflections
as given in Table 3.

Tamura et al. (1999) have investigated the question of the
existence (or not) of centrosymmetry for TAHS-II and the
isostructural fully deuterated TADS-II by neutron diffraction
experiments on single crystals. They concluded from the
violation of the reflection conditions for A2/a that the non-
centrosymmetric space group A2 is correct. In their paper
there is no direct indication of their choice of basis vectors.

mass(% DSC/uV
pss(%) Dsels
{ e 1
E - J
I el
of T i %0
I \ e i ~ 7/ 3
’ et DSC:
-4t =20
8t 240
-IQ;LJ—LA.A.I_A.-.Aj.lli.All-AA.LlLlA.lliJ-All.ALA.A)AlJAll.AI.LlJl.LJ.‘.LIlllA.ll.iAAilllll-J:
293 333 373 413 20
Temperature (K)

(a) :
mass (%) DSC/uV
4 1 ‘:60

t o 3
s g
U;L_“”_'—M_F_H_M_H“__ A T TG -40
4 20
E :
-8 - _— 0
'E DSC:

f 1
42L+“4“4“.“J“.”,“.”.“.“{”.”.”‘“.“”.NJ“J“.JQO
368 428
Temperature (K)

(h)

Figure 8

DSC/TG measurements of powder samples of TAHS prepared under
‘dry’ conditions. The mass stays constant during the measurements (a) on
heating and (b) on cooling.

Information on space-group setting, monoclinic unique axis or
lattice parameters are missing. From the cited papers and from
their argumentation on the extinction conditions of the a glide
symmetry for the k0! reflections, one can assume that they
have chosen the same space-group settings A12/al and A121,
respectively, as Suzuki & Makita (1978).

We have performed now for the first time a complete
structure analysis of TAHS-II by single-crystal neutron
diffraction at room temperature. In order to check the
reflection conditions according to the space groups C12/cl
and C121, all hkl reflections were measured up to sin6/A =
0.4 A~'. Without any exceptions we confirm the centrosym-
metric space group C12/c1 (and hence also its transformed
setting A12/al).

Tamura et al. (1999) performed their neutron diffraction
studies on rather large crystals of volume ~ 360 mm® and
argued that the ‘forbidden’ reflections by the a glide symmetry
have intensities more than a 100 times smaller than ‘funda-

mass (%) DSC/uV
5 1120

E o}

: N
1¢ TG :

i(xb__,ﬂ_-aa—~f'——*—“““\ = Dsoj o

: [
3¢ II

: [ E

b ! 120
gt If ]

: | i
_llLannI|x«sl||.‘l-|..I-||-l---xl----l----]xnn-l;nl-j_.40
303 383 463

Temperature (K)
(a)
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4f 1330
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] .
0L~ e e 20
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4 / \
% f\___“_/ IL-.______/\_‘_H_./LW “‘—J‘_: 0
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'121::_....|.u.|.u.1.;.'t.;nluua...-1-u.lu..|.u.1..-{1---.:....1....;-20
353 393 433 473
Temperature (K)
Figure 9 (b)

DSC/TG measurements of powder samples of TAHS prepared under
‘dry’ conditions. (a) Only one phase transition at 413.5 (5) K on heating
up to 493.0 (5) K. (b) Many new anomalies on cooling after 2 h at
493.0 (5) K.
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mental’ Bragg reflections. Therefore, we repeated neutron
diffraction measurements with a large crystal of 6 x 7 x
8 mm”® on selected k0! reflections with / = 2n + 1 (the reflec-
tion condition for the space group C12/c1 is [ = 2n) and found
no indication of significant intensities within a ratio of at least
1000 compared with strong Bragg reflections.

We have not been able to confirm the results of Tamura et
al. (1999) and we have no satisfying explanation for this
disagreement. There is a possibility that extinct reflections due
to symmetry operations with translation components like glide
reflections or screw rotations may occur by multiple diffrac-
tion. This so-called Renninger effect depends strongly on the
diffraction geometry of the crystal and becomes more
important when using large (and perfect) single crystals. We
tried to find Renninger-effect intensities for selected hO/
reflections with / = 2n + 1 by the ¥-scan technique, but again
no indication was obtained. On the other hand, it is important
to stress that the choice of basis vectors and space groups of
Tamura et al. (1999) remains an open question.

The discussion on the space-group symmetry of TAHS-II is
of great importance for the crystal structure analysis. Our
model of a highly disordered proton distribution in the O—
H- - -O hydrogen bonds of the (SO,)H(SO,) dimers and the
N—H---O bonds between the NH, groups and the nearby
SO, groups is directly related to the existence of centres of
symmetry in the structure.

3.3.2. Room-temperature structure. As described above, we
refer to the correct space-group symmetry of the room-
temperature phase of TAHS-II as C2/c. At the beginning of
the refinement every atom including H atoms was refined with
anisotropic mean-square displacement parameters. The H1
atom in the middle of the (SO,)H(SO,) dimer lies on an
inversion centre. Its displacement ellipsoid is strongly elon-
gated in the direction of the symmetric O---H-:--O bonding
and the O1.--H1 distance is unusually long [1.27 (1) A].

Figure 10
(SO,)H(SO,) dimer with a split position for H1. Displacement ellipsoids
are drawn at the 50% probability level.

Table 4 .
Bond lengths (A) of (SO,)H(SO,) dimer (split-atom model).
s—o01 1.526 (5)
S—02 1.434 (7)
S—03 1.457 (6)
S—04 1.446 (6)
O1—H1 0.99 (1)
01-01 2.549 (7)

Because of this peculiar behaviour, we chose for the next
refinement a split model with isotropic displacements to
describe the hydrogen distribution within the dimer. Our
results support the earlier assumption of a split position for H1
based on single-crystal X-ray diffraction data (Dominiak et al.,
2003). The covalent character of the O1- - -H1 bond causes an
electronic transfer from the S—O1 bond to the O1- - -H1 bond.
This results in a significant lengthening of the weakened S—
O1 bond compared with the other S—O bonds. The result of
this refinement is shown in Fig. 10 and the bond lengths are
given in Table 4.

Furthermore, the H atoms of the two non-equivalent NH,
groups also have strongly enlarged anisotropic mean-square
displacements. This enlargement is presumably caused by a
jump-like motion between different NH, orientations. The N
atoms of both NH, tetrahedral groups are well localized with
small, almost isotropic mean-square displacement parameters.
We can attribute two possible oxygen neighbours for each
hydrogen from the SO, groups (Figs. 11 and 12), which leads
to a system of competing N—H. - -O hydrogen bonds between
the NH, groups and the surrounding O atoms and thus to a

3.007(3)

N2 N -3218(4)

? ,oq}(é) 2.831(4),

Figure 11

N1H, tetrahedron with neighbouring SO, groups. Displacement
ellipsoids are drawn at the 50% probability level. The mean value of
the interatomic distances between N1 and the eight surrounding O atoms
is 3.021 (4) A.
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3.034(5)  3.413(5)

H

3.116(5)
~3.056(5).

3.018(4)

Figure 12

N2H, tetrahedron with neighbouring SO, groups. Displacement
ellipsoids are drawn at the 50% probability level. The mean value of
the interatomic distances between the N2 and the eight surrounding O
atoms is 3.049 (5) A.

rotation of the NH, groups, in agreement with the fast
dynamic reorientation of these tetrahedra reported by Fech-
telkord et al. (2007). The distribution of H atoms in Figs. 11
and 12 is to be understood as a time- and space-averaged
representation. The interatomic distances between the N and
the O atoms of the possible N—H---O hydrogen bonds are
also given. The S atoms also show almost isotropic mean-
square displacements like the N atoms, whereas the O atoms
exhibit significantly anisotropic displacement. The SO, groups
are well defined within the (SO,)H(SO,) dimer, however, they
may perform librational motion in relation to the NH,
disorder.

4. Conclusions

We have shown that experimental results on TAHS powder
samples depend strongly on the preparation conditions. With

our X-ray powder diffraction and DSC/TG measurements, we
confirm that there is only one phase transition of TAHS in the
temperature range between room temperature and 493 K. The
phase transition between the monoclinic TAHS-II and the
rhombohedral TAHS-I at ca 413K is of first order with a
hysteresis of ca 10 K. From the structure analysis based on
single-crystal neutron diffraction data of TAHS-II at room
temperature, we ascertained unequivocally that the correct
space group is C2/c. We have clear evidence for a dynamical
proton disorder in the (SO,)H(SO,) dimer as well as in the
NH, groups. We interpret the NH, dynamics as resulting from
competing N—H- - -O hydrogen bonds. The dynamical proton
disorder becomes more important with increasing tempera-
ture. In agreement with the NMR results of Fechtelkord et al.
(2007) we consider a principal change at the phase transition
to the superprotonic TAHS-I phase. The extremely disordered
crystal structure of rhombohedral TAHS-I phase is under
investigation by single-crystal neutron diffraction.
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