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Abstract 

Two phase transitions have been detected by 
calorimetric and optical studies in crystals of 
N(CH3)4HSO4. At Ti = 232 (2) K, the crystal under- 
goes a second-order orthorhombic to incommen- 
surate transition and at 7",. = 202 (2)K, a first-order 
incommensurate to monoclinic transition. The struc- 
tures of the three phases have been studied by single- 
crystal X-ray diffraction. The orthorhombic normal 
phase, measured at room temperature, exhibits two 
orientations of the sulfate ions. In the incommen- 
surate phase, the modulation vector is parallel to c* 

t Permanent address: Departamento de Fisica, Universidade 
Federal de Minas Gerais, 30161 Belo Horizonte, Brazil. 

0108-7681/91/050757-10503.00 

with q---0.39c*; the two orientations of the sulfate 
are retained in this phase. The structure of the 
low-temperature phase was determined at 175 K; the 
orientational phenomenon disappears while twin 
domains are observed. Crystal data: tetramethyl- 
ammonium hydrogen sulfate, C4HI2N + . H O 4 S - ,  Mr 
= 171.2. At room temperature: Pn2~a, a = 
16-467(9), b=7.543(6) ,  c=6"939(5)  A,, Z = 4 ,  
a(Mo Ka) = 0-71069 A,, R = 0.055 for 931 reflec- 
tions. At T = 2 1 5 K :  r,e,,z~a - liT, a=16"230(4) ,  b =  
7"581 (2), c = 6.825 (1)/k, Z =  4, A(Cu Ka) = 
1.5418 A, R = 0"047 for 647 main reflections. At T =  
175K: P21, a =  17.451(1), b=7.595(1) ,  c =  
13"563(~!R A /3 =112"140 (2) "~, Z = 8 ,  A ( C u K a ) =  
1-5418 '--0.064 for 1680 reflections. 

© 1991 International Union of Crystallography 



758 P H A S E  T R A N S I T I O N S  I N  N ( C H 3 ) 4 H S O 4  

I. Introduction 

A novel compound which exhibits an incommen- 
surate phase is presented. Tetramethylammonium 
hydrogen sulfate, N(CH3)4HSO4, hereafter referred 
to as TMSO, shows the sequence of phases 
normal < > incommensurate < > commensurate with 
decreasing temperature. This compound is parent to 
the A2BX4 family if A2 is replaced by the two ions 
N(CH3)~ and H ÷ Taking into consideration the 
phase-transition sequence, one might be tempted to 
classify TMSO as the first member of a new sub- 
family of A2BX4 compounds. There is, however, no 
pseudo-hexagonal axis in the crystal structure, as 
shown below. Consequently, one of the most impor- 
tant characteristics of the A2BX4 compounds is 
absent. 

Crystal growth and the first experimental studies 
on the physical and chemical properties of TMSO 
crystals have been reported by Arend (1984). Differ- 
ential scanning calorimetry (DSC) performed on 
single crystals revealed a sequence of phases typical 
of compounds with incommensurate phases, i.e. a 
second-order followed by a first-order phase transi- 
tion which occur with decreasing temperature. A 
study of the photon self-diffusion in TMSO crystals 
has been performed by Blinc, Lahajnar, Zupanci(: & 
Arend (1984). From NMR investigations, the 
authors conclude that TMSO exhibits a superionic 
phase with high proton conductivity above 450 K. 
Furthermore, they interpret the room-temperature 
NMR spectrum as characteristic of rotating 
N(CH3)4 t groups. These results will be discussed in 
the present work. Ferroelectric properties of TMSO 
(Sawada, Yamaguchi & Suzuki, 1985) have also been 
studied and the authors present crystallographic 
results obtained from Weissenberg photographs 
recorded at room temperature. 

The results on TMSO presented in this work are 
only partially in agreement with the previous studies 
mentioned above. There are some points that could 
not be confirmed; in some cases, remarkable devia- 
tions were found and these are discussed in the 
following paragraphs. Crystallographic studies of the 
normal, incommensurate and commensurate phases 
were carried out from the diffracted intensities of the 
three phases. The structure determination of the 
normal phase revealed the existence of an orienta- 
tional disorder which persists in the incommensurate 
phase. In the low-temperature phase evidence for the 
existence of twinning domains was found. 

2. Crystal preparation and stability 

Commercial tetramethylammonium hydrogen sulfate 
monohydrate (Fluka 87726, purer than 98%) was 
dissolved in a small amount of water. Adding 

anhydrous absolute ethanol caused flaky white part- 
icles to precipitate. After filtering, the resulting 
powder was vacuum dried at 373 K. A super- 
saturated solution was then prepared using absolute 
methanol. Two different methods of crystal growth 
were used. 

Single crystals of tetramethylammonium hydrogen 
sulfate were grown from a solution through which a 
temperature gradient was applied. The convection 
current induced in the solution guaranteed a uniform 
composition during the whole growth process 
(Arend, Perret, Wuest & Kerkoc, 1986). Fig. 1 shows 
the apparatus developed for this synthesis. Crystals 
of up to l cm 3 can be grown by this method. The 
composition of the crystal was systematically con- 
trolled by chemical analysis and the stoichiometry 
was always confirmed within 0.5%. For single- 
crystal analysis, the crystals had to be cut to ade- 
quate dimensions (tenths of millimeters). Only one 
cleavage plane exists and the small fragments 
obtained had no simple geometrical shape. 

A second crystal-growth method was used to 
obtain naturally grown small crystals. A methanolic 
solution of the compound was prepared using the 
procedure described above. Saturation was achieved 
by adding small amounts of dimethyl ketone which 
has a lower solubility than methanol. The resulting 
solution was evaporated very slowly in a temperature 
controlled chamber; a small Teflon ring was rotated 
inside the liquid at approximately three turns per 
minute to ensure homogeneity of the solution. This 
method yielded perfect and transparent crystals in 
the form of parallelepipeds. Typical dimensions of 
the crystals were approximately 0.1 × 0.1 x 3.0 mm. 
The longer edge is parallel to one of the main axes of 
the unit cell and coincides with the normal to the 
cleavage plane. 

The quality of the crystals was checked by pre- 
cession photographs recorded at room temperature 

hermetic I~ 

~ heatng cod 

Fig. I. Apparatus for crystal growth by the convection mechanism 
due to a temperature difference through the solution. Satisfac- 
tory results are obtained with AT=2 or 3 K (according to 
Arend el al., 1986). 
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and by the reproducibility of the phase-transition 
sequence controlled by DSC measurements. Crystals 
of TMSO are highly hygroscopic: a short exposure to 
air is sufficient to destroy the crystal and change its 
properties. For crystallographic measurements, crys- 
tals with a volume not exceeding 10 2 mm 3 were 
glued on a glass fiber in a dry argon atmosphere. 
Much care was taken in order to isolate the crystals 
from ambient conditions and avoid crystal decompo- 
sition during the X-ray diffraction experiments. It 
should be pointed out that the quality of the crystals 
used for measurement was optically controlled with a 
polarizing light microscope; the samples were gen- 
erally very transparent under polarized light. 

3. Thermotropic phase transitions in TMSO 

Upon cooling from room temperature, crystals of 
TMSO undergo two phase transitions: a second- 
order phase transition at 230 K and a first-order 
phase transition at 200 K. This sequence was 
observed by DSC experiments and confirmed by 
measurements of the optical birefringence (Speziali, 
1989; Rivera, Speziali, Berger, Arend & Schmid, 
1990). The process is reversible and a small tempera- 

ture hysteresis was detected. DSC curves are shown 
in Fig. 2. An additional phase transition appears at 
396 K. 

The sequence of second- and first-order phase 
transitions suggests the existence of an incommen- 
surate phase between 230 and 200 K. X-ray diffrac- 
tograms recorded at room temperature revealed 
orthorhombic symmetry. Precession photographs 
below 230 K revealed satellite reflections along an 
orthorhombic axis. Their positions varied with tem- 
perature. Below 200 K, a first-order phase transition 
induces a change in the lattice parameters and crystal 
symmetry. The system is monoclinic and the volume 
of the unit cell is doubled. This leads to the following 
schematic representation of the phase transition 
sequence of TMSO: 

LT INC HT VHT ort o U Or or om , 

where Th = 394 (2), T; = 232 (2) and Tc = 202 (2) K, 
the values given in parentheses indicate the variation 
of results between heating and cooling. 

8.0 

E 
4.0 

0.0 

'\ 
\ 

" \ ' \  

110 140 170 

I J 

L I °  i 

! 

200 230 260 2£2 32~ 
Temperature (K) 

4 ~ +  5 ? . 2  

Fig. 2. DSC curves of TMSO crystals. Measurements were performed over two different ranges of temperature; the scan rate was 
20 K min- ' ;  the arrows indicate increasing (-~) or decreasing (+-) temperatures. 
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Orthoscopic observations of crystal birefringence 
were performed, in the temperature range from 
liquid helium to room temperature (Rivera et al., 
1990). Measurements were made using a four-order 
tilting compensator in order to evaluate the range of 
variation of the difference in the refractive indices. 
Subsequent measurements using a Babinet-Soleil 
compensator gave precise values for the phase 
difference between the two extraordinary beams as a 
function of temperature. These measurements were 
performed with a platelet obtained by cleaving a 
larger crystal perpendicular to a. Owing to its hydro- 
scopic character, it was not possible to polish the 
sample. The faces were not exactly parallel and the 
width of the plate varied from 0-100 to 0.120 mm. 
Two phase transitions can be identified on the 
birefringence curve (Fig. 3). A clear discontinuity in 
An is observed at Tc = 202 K which is characteristic 
of a first-order phase transition. An inflection point 
at 7',. = 232 K indicates a continous variation in An. 
The temperature hysteresis (0.6 K) for the first-order 
phase transition was deduced from these measure- 
ments. The rate of temperature variation was 
1.5 K min l during the experiment. 

Temperatures reported in this work are calibrated 
with respect to DSC values. With X-ray diffraction, 
the temperature at the crystal differs slightly from 
the thermocouple values. 

4. Orthorhombic normal (HT) phase 

4.1. Structure determination 

Analysis of X-ray diffraction intensities from five 
different samples (grown and prepared by different 
methods) yielded the same structural results. The 
disorder found at room temperature seems to be 
intrinsic to TMSO. The results reported here rep- 
resent the best set of measurements on a single 
crystal with: 

(i) the largest number of equivalent reflections and 
sin0/A, 

(ii) the lowest scan speed during o~-20 meas- 
urement, 

0 .0155  

0 .0150  ' 

" 0 .0145  - 

0 .0140  ' 

0 .0135  ' 

0.013o . . . . .  T ( K )  

0 50  100 150 200  2 5 0  3 0 0  

Fig. 3. Bi ref r ingence  m e a s u r e m e n t s  o f  T M S O  crysta ls  in the 
t e m p e r a t u r e  range  f rom liquid hel ium to r o o m  t empera tu re .  

Table 1. Data collection and data reduction charac- 
teristics for the room-temperature (HT) phase 

Scan mode ~o-20 
Scan width C) 1.0 + 0-35tan0 
Scan speed ( '  min- 1) 1.50 to 9-77 
(sin0/,~)ma~ (/~ ') 0'597 
Range o f h k l  - 16<_ h<_ 16, - 8  <_ k <_ 8, 0 <_ I<_ 8 
No. of reflections measured 4188 
No. of unique reflections 931 
No. of observed reflections 566 [i,, >- 3a(/,,)] 
Internal consistency Rm, 0.0189 

Table 2. Fractional atomic coordinates and population 
parameters (19)jbr space group Pn21a (e.s.d.'s in 

parentheses) 

x y z 
S 0"08563 (8) 0'2539 (6) 0"0656 (2) 
0(1) 0"1254 (6) 0'289 (2) 0'247 (I) 
0(2) 0'1271 (7) 0-329 (2) -0 '095 (I) 
0(3) 0-0009 (4) 0-340 (I) 0.078 (2) 
0(4) 0-0713 (7) 0.0634 (7) 0-040 (2) 
0(11) 0.1509(4) 0.214(I)  0.193(1) 
0(21) 0.1084 (4) 0.254 (2) -0.1346 (8) 
0(31) 0.0536 (6) 0.4392 (7) 0.115 (2) 
0(41) 0-0162 (5) 0-1324 (9) 0.098 (2) 
N 0-3634 (2) 0.256 (2) -0.0261 (7) 
C(I) 0-4522 (3) 0-266 (3) -0.068 (1) 
C(2) 0-3178 (4) 0.251 (3) -0.213 (1) 
C(3) 0.3470 (8) 0-091 (2) 0.084 (2) 
C(4) 0.3391 (9) 0.412 (2) 0.080 (2) 

0.450 (9) 
0.450 
0.450 
0.450 
0.550 
0-550 
0.550 
0.550 

(iii) the best stability of periodically checked con- 
trol reflections. 

The internal consistency of equivalent reflections 
(Ri,t = 0-0189) confirmed the quality of the data 
(98-3% of the reflections were measured more than 
once). Preliminary precession and Weissenberg dif- 
fractograms indicated orthorhombic symmetry and 
the following extinction rules: 

h = 2n + 1 for hkO (la) 

k + l--  2n + l for Okl. (lb) 

X-ray intensities were collected on a Syntex P21 
four-circle diffractometer using the o,}--20-scan tech- 
nique and Mo Ka radiation. The lattice parameters 
were determined by a least-squares fit of 15 accur- 
ately centered reflections giving a- -  16-467 (9), b = 
7.543 (6) and c--6.939 (5)A. Owing to the hygro- 
scopic character of the TMSO crystals, their density 
was calculated by measuring directly the volume and 
the mass of a large sample. The value found (Din = 
1.35 g c m -  3) agrees with the lattice constants for Z 
-- 4 (Dx = 1.32 g cm-3). The extinction conditions 
were confirmed on the diffractometer except for the 
reflection (010) with an intensity ten times larger 
than its e.s.d. This was due to an harmonic effect of 
the very strong (020) reflection. Since the X-ray 
absorption coefficient of TMSO is small, /ZMo ~¢a = 
3.38 cm- l ,  the correction could be neglected. Lor- 
entz and polarization corrections were accounted for. 
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Table 3. Components of displacement tensor Uij (~2) refined in space group Pn21a (e.s.d. 's in parentheses) 

UI i U22 U33 U! 2 UI 3 U23 
S 0.0513 (7) 0.0467 (7) 0-065 (1) 0.007 (2) 0-001 (1) -0.005 (2) 
O(I) 0.103 (3) 0.133 (3) 0-085 (3) -0-027 (3) -0.052 (3) 0-003 (3) 
0(2) 0.121 (3) 0.177 (3) 0.107 (3) 0.010 (3) 0.062 (3) 0-060 (3) 
0(3) 0-047 (3) 0.072 (3) 0.112 (3) 0-003 (3) 0.003 (3) 0-003 (3) 
0(4) 0.068 (3) 0.061 (3) 0-225 (3) -0.007 (3) -0.014 (3) -0'035 (3) 
O(11) 0'085 (3) 0'132 (3) 0-114 (3) 0.019 (3) -0.020 (3) 0'031 (3) 
O(21) 0.073 (3) 0-081 (3) 0-069 (3) -0-046 (3) 0.022 (2) -0.030 (3) 
O(31) 0.088 (3) 0-060 (3) 0.113 (3) 0.004 (2) -0.014 (3) -0-051 (3) 
O(41) 0-086 (3) 0-078 (3) 0.104 (3) -0.044 (3) 0-061 (3) -0.041 (3) 
N 0-051 (2) 0.062 (2) 0.064 (2) --0-023 (3) 0-002 (2) -0-025 (3) 
C(I) 0-045 (2) 0.134 (3) 0.076 (3) 0-006 (3) 0.001 (2) 0-028 (3) 
C(2) 0"064 (2) 0.098 (3) 0.079 (3) -0-022 (3) -0-019 (2) 0-006 (3) 
C(3) (I.080 (3) 0.082 (3) 0.139 (3) -0-007 (3) -0-004 (3) 0.025 (3) 
C(4) 0-114 (3) 0.083 (3) 0.112 (3) - 0-011 (3) 0-040 (3) - 0.058 (3) 

A summary of the data collection parameters and 
results is given in Table 1.* 

The structure was refined in the polar space group 
Pn2~a. Two superimposed sulfate ions were found 
with a common S atom. Site occupations pl and P2 
were assigned to each group with the condition pl + 
p2 = 1. The tetramethylammonium ion was well 
defined. The structure converged to R = 0.055 and 
wR = 0.049, w = l/O'2F,,~, including the H atoms. The 
geometry of the sulfate and the methyl group were 
restricted in the refinement (Didisheim & Schwarzen- 
bach, 1987). A/o, = 0.5. Atomic scattering factors for 
C, N, O and S were calculated from Cromer & Mann 
(1968) and from Stewart, Davidson & Simpson 
(1965) for H. A local set of computer programs 
compatible with the XRA Y72 system (Stewart, Kun- 

* Lists of  structure factors have been deposited with the British 
Library Document  Supply Centre as Supplementary Publication 
No. SUP 54094 (23 pp.). Copies may be obtained through The 
Technical Editor, International  Union of  Crystal lography,  5 
Abbey Square, Chester C H I  2HU, England. 

Fig. 4. Projection along [001] of  the structure of  the HT phase of  
TMSO. The two orientations of  the sulfate chains are rep- 
resented by superimposed tetrahedra.  SO4 tetrahedra interact 
with each other via hydrogen bonds forming chains in the b 
direction. 

Table 4. lnteratomic distances (A) and angles (~") in 
the N(CH3) 4 and SO4 tetrahedra for the normal (HT) 

phase of  TMSO 

The O - - O  distances and O--S---O angles were restrained. 

S--O( 1 ) 1.444 O( 1 )--S--O(2) I 13.09 
S--O(2) 1.426 O( I )--S--O(3) 106.62 
S--O(3) 1-541 O(1)--S--O(4) 110.90 
S--O(4) 1-467 O(2)--S--O(3) 107.90 

O(2)--S--O(4) 111.96 
O(3)--S--O(4) 105.92 

S--O( I 1 ) 1-422 O( 11 )--S--O(2 i ) I 13.65 
S--O(21) 1-439 O(! 1)~S--O(3 !) 108.35 
S--O(31) 1-533 O(! 1)--S--O(41) 110.87 
S--O(41) 1-483 O(21)--S--O(31) 107.78 

0(21)--S--O(41) 110.50 
0(31)--S--O(41) 105.27 

N---C( I ) 1-493 C( 1 )--N--C(2) 108.82 
N--C(2) 1.497 C(I)--N--C(3) 108.83 
N--C(3) 1.482 C(I)--N--C(4) 109.16 
N--C(4) 1-450 C(2)--N---C(3) 109.53 

C(2)--N--C(4) 108.7 I 
C(3)--N--C(4) 111.75 

dell & Baldwin, 1972) and REMOS85.0 (Yamamoto, 
1982) were used for the refinements. Refined param- 
eters are given in Tables 2 and 3. Table 4 lists the 
interatomic distances and angles. A projection of the 
structure is represented along e (Johnson, 1965) in 
Fig. 4. The superposition of the SO4 tetrahedra 
results from the orientational disorder. 

4.2. Discussion of the structure 

The short O...O distances varying from 2-50 to 
2.54 A between sulfate groups clearly indicate the 
position of the H atom within the structure. No 
attempts were made, however, to locate the proton. 
The sulfate ions are thus linked by hydrogen bonds 
to form chains extending along b (Fig. 4). Two types 
of chain can be identified which are nearly symmetric 
with respect to a mirror plane normal to b. Remem- 
bering the superionic character of this compound, it 
might be inferred that the structure consists of 
alternating domains which are each characterized by 
a specific orientation of the SO4 tetrahedra. The 
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interface between domains could be due to the 
absence of hydrogen bonding. 

The probability, pt, of finding a specific SO4 
orientation depends on the crystal specimen. This 
refinement yielded the value Pl -- 0.45 (1). The choice 
of the polar space group Pn21a has been confirmed 
independently by various refinements. 

The tetramethylammonium group is well defined. 
This has been confirmed by refinements on different 
specimens. This is at variance with the results pre- 
sented by Blinc et al. (1984). The N(CH3)  4 tetrahedra 
lie on a pseudo-mirror plane normal to b and do not 
contribute significantly to the polarity of the space 
group. 

Some of the crystal-growth experiments resulted in 
crystals of very inferior quality; yet they revealed 
some very surprising properties of the TMSO system. 
In an attempt to grow crystals by means of the 
evaporation method, a set of polyhedral crystals with 
many faces were obtained. Under polarized light, no 
darkening was found. Such a sample was mounted 
on the four-circle diffractometer to evaluate the lat- 
tice parameters and symmetry. Three lattice con- 
stants of approximately 9.8/k (=  Corth 212)  and angles 
of approximately 9if: were found. However, diffrac- 
tograms confirmed that the sample was not a single 
crystal. Multidomain crystals can be obtained during 
crystal growth. Sawada et al. (1985) reported similar 
results and one might suspect that they did not deal 
with single crystals. As stated by those authors, the 
crystals were prepared by the evaporation of an 
aqueous solution of N(CH3)4OH:H2SO4, in a ratio of 
1:1. It should be pointed out that no hygroscopic 
behavior was reported for their crystals. 

5. Incommensurate (INC) phase 

With decreasing temperature, crystals of TMSO 
undergo a second-order phase transition at 7",. = 
230 K. At 220 K, precession photographs revealed 
the presence of weak satellite reflections along c* and 
q -0 .39c* .  A single crystal with a prismatic habit 
was mounted on a four-circle diffractometer. Lattice 
constants and the modulation vector were measured 
at various temperatures ranging from 200 to 235 K. 
The crystal was cooled by a stream of nitrogen gas 
(modified Enraf-Nonius system). For each tempera- 
ture, a group of 15 reflections was accurately 
centered and the lattice parameters calculated by 
least squares. The value of q could be precisely 
measured from three automatically centered satellite 
reflections. The observed variation of q can be 
expressed by the ratio: 

,Aql/qmea n --~ 14% 

w i t h  qmean = (qmin ÷ qma×)/2.  T h e  m o d u l a t i o n  w a v e -  

length is thus strongly dependent on the temperature. 

A small temperature variation for the intensities of 
satellite and main reflections was observed. At 
215.0 (3)K, the value of q determined from three 
centered satellite reflections was 0.4183 (4) with the 
lattice constants a -- 16-230 (4), b = 7.581 (2) and c -- 
6.825 (1) A. The systematic absences observed for the 
main reflections were identical to the room- 
temperature phase. For the average structure, the 
space-group symmetry is the same as for the normal 
phase since q is parallel to one of the orthorhombic 
axes (Simmons & Heine, 1987). As a consequence, 
the (3 + 1)-dimensional superspace group must be 
PP"-"" (de Wolff, Janssen & Janner, 1981). Analysis 
of the intensities confirmed the systematic absences 
of the superspace group. The refinement of the aver- 
aged structure including the H atoms converged to R 
-- 0"047 (wR = 0.043). The twofold orientation of the 
SO4 tetrahedra persists in the INC phase. The deter- 
mination of the modulated structure will be 
published elsewhere. 

6. Commensurate (LT) phase 

6.1. Symmetry and lattice constants 

On cooling, TMSO crystals undergo a first-order 
phase transition at T,~ = 200 K and the symmetry 
becomes monoclinic with the unique c axis twice that 
of the normal phase. The phase transition was 
detected by the disappearance of the satellite reflec- 
tions. An analysis of some profiles revealed a split- 
ting of the reflections below the transition 
temperature (Fig. 5). The splitting was completely 
reversible. 

The lattice constants, determined by centering 15 
reflections at T = 1 7 5 K  were a =  17.451 (1), b =  
7.595 (1) and c = 13.563 (1) A with/3 -- 112.140 (2) ~ 
The relations of the cell constants (Table 5) can be 
expressed by: 

amo n --- aort h -- Cort h Cmon -" 2Corth 

b . . . .  ~" borth Vmo n -'-- 2 Vorth. 

Analysis of the intensities collected on the four- 
circle diffractometer revealed the following extinc- 
tion rule: 

k - - 2 n + l  for0k0. (2) 

The space-group symmetry is thus either P 1 21 1 
or P 1 21/ml. 

6.2. Twinning 

The splitting of several reflections observed below 
Tc is due to the appearance of twinned domains 
associated with the phase transition. Systematic 
analyses of a large number of profiles revealed the 
following observations: 

(i) reflections hkO are well behaved, 
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Table 5. Lattice constants o f  the monoclinic phase as a 
function o f  temperature 

fl '  is the angle between C~o, and 2 a - c  . . . .  . 

T ( K )  a (A) b (A) c (A) /3 (°) /3' ( ' )  
195 17.497 (5) 7.592 (2) 13-594 (4) 112.29 (1) 89.43 
175 17.451 (!) 7-595 (1) 13.563 (1) 112.14 (I) 89-27 
165 17.432 (6) 7.595 (2) 13-556 (4) 112.07 (1) 89.19 
150 17.395 (6) 7"595 (2) 13"553 (4) 111"99 (1) 89.01 

(ii) in the series (hkl), (2h,2k,2/), (3h,3k,3/)... the 
splitting increases with the Bragg angle, 

(iii) reflections measured with various azimuthal 
angles showed different profiles. 

Based on these observations, the domains shown 
in Fig. 6 are related by a mirror plane perpendicular 
to a*. The reciprocal lattice point hkl from one 
domain nearly coincides with the point h ' kT  from 
the other domain. The indices are related by the 
twinning operation: 

(h',k',l') = (h,k,l) 1 = (h + -Lk,l). (3) 
0 

A flat specimen was examined under a polarizing 
microscope from room down to liquid helium tem- 
perature. At 7"= 7",., a sudden appearance of a 
domain structure was observed. By warming the 
crystal above T,. the domains disappeared. This 
indicates the reversibility of the process. Repeating 
this procedure several times, i.e. allowing the first- 
order transition to take place repeatedly, a phenom- 
enon of fatigue was noticed: some of the domain 
walls remained at temperatures above 7",. indicating 
that the sample was fissured (Rivera et al., 1990). 

6.3. Data collection 

The oJ-scan mode was chosen to collect the data 
and each reflection was measured for three different 
values of ~ (=  - 10, 0, 10 °) to test the overlap. With 
this method, a total of 5138 reflections were meas- 
ured which yielded 1682 unique reflections. 1378 
reflections were considered as observed [ I _  2o-(/)] 
giving Rint = 0.039. A Lorentz-polarization correc- 
tion was made, but no absorption correction was 

/-, / ,  
. ~ ~ i 

" L../ i 

Fig. 5. Splitting of  the ~--20 scan profiles observed in the LT 
phase of  TMSO.  In the left profile, the intensities of  the two 
peaks are almost  the same: in the sample used for the data  
collection (right profile), a clear difference is observed between 
the components .  

Table 6. Data collection and data reduction charac- 
teristics for  the monoclinic commensurate (LT) phase 

Scan mode o~ (with ~ = - 10,0,10) 
Scan width (:) 1-60 
Scan speed (' m i n  ') 0.60 to 9.77 
(sin0/a)m~x (• ') 0.478 
Rangeofhkl -16<-h  < - 16, 0<-k <-8, - 12<-1 < - 12 
No. of reflections measured 5138 
No. of unique reflections 1680 
No. of observed reflections 1376 [/,, >- 2o'(1,,)] 
Internal consistency Rm, 0-0390 

applied. Table 6 summarizes the conditions for data 
collection and reduction. 

6.4. Structure determination 

Restraints on distances and angles (Didisheim & 
Schwarzenbach, 1987) were imposed on the SO4 and 
CH3 units for the refinement. With the fractional 
volume parameters, Vl and v2, of the twins and the 
condition vl + v2 = 1, the refinement converged to R 
= 0.064 with v]:v2 = 0.85 (2):0.15. A/o. = 0.2. The 
final positional parameters and equivalent dis- 
placement coefficients are shown in Table 7; the 
interatomic distances and angles are given in Table 8. 
The values of the restrained quantities in each SO4 
tetrahedron were 2.40 A for the O - - O  distances 
(weight = 1/0.003) and 109 ° for the O - - S - - O  angles 
(weight = 1/0-175). The computer programs men- 
tioned in {}4.1. were used in the refinements. 

6.5. Discussion o f  the structure 

Below T,., the superposition of the SO4 tetrahedra 
disappears and the existence of twin domains is 

• 0 • 0 

0 • 0 • 

00 00 • 

• o • 

0 • 0 • 

0 00 • 

• ° :  

Fig. 6. Superposi t ion of  reciprocal lattices o f  two twin domains.  
The  dashed-line unit cell generates the solid-line unit cell by a 
reflection through a plane perpendicular  to a*. 
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Table 7. Fractional atomic coordinates and equivalent 
displacement.['actors U~q (A2).[or the monoclinic phase 

(e.s.d. 's in parentheses) 

PHASE TRANSITIONS IN N(CH3)4HSO 4 

Table 8. lnteratomic distances (A) and angles (c~) in 
the N(CH3) 4 and SOn tetrahedra for the monoclinic 

Distance and angle constraints were applied. 

x y z uo. 
S(I) 0.0840 (3) 0-2539 0.2562 (5) 0"025 (2) 
0(I 1) 0.1165 (9) 0.229 (2) 0.368 (1) 0-048 (2) 
O(12) 0.1386 (9) 0.197 (2) 0.205 (1) 0-056 (2) 
0(13) 0.0035 (8) 0.151 (2) 0.210 (1) 0.042 (2) 
O(14) 0-063 (1) 0.444 (2) 0.230 (I) 0.057 (2) 
S(2) 0.4153 (3) 0.7530 (8) 0.6754 (5) 0-023 (2) 
O(21) 0.3881 (8) 0-761 (2) 0-761 (I) 0"036 (2) 
0(22) 0.3518 (9) 0-802 (2) 0-574 (I) 0"061 (2) 
0(23) 0.4432 (9) 0-569 (2) 0-666 (1) 0.044 (2) 
0(24) 0-4894 (8) 0-872 (2) 0-697 (I) 0.054 (2) 
S(3) -0-0866 (3) -0.2506 (8) 0.2426 (5) 0.027 (2) 
O(31) -0-1171 (9) -0.237 (2) 0131 (1) 0.043 (2) 
0(32) -0.1441 (8) -0-207 (2) 0.289 (I) 0.045 (2) 
0(33) -0.0094 (8) -0.140 (2) 0.290 (1) 0.053 (2) 
0(34) 0.0590 (9) -0.442 (2) 0.274 (1) 0.036 (2) 
O(41) 0-3803 (9) -0.277 (2) 0"253 (1) 0"050 (2) 
0(42) 0-3608 (9) -0.291 (2) 0.070 (1) 0.053 (2) 
0(43) 0-4353 (9) -0.050 (2) 0.175 (1) 0"055 (2) 
0(44) 0.4959 (8) -0.342 (2) 0.204 (I) 0.038 (2) 
N(I) 0.3647 (9) 0.239 (2) 0.449 (I) 0.024 (2) 
C(I 1) 0.352 (I) 0.416 (3) 0.390 (2) 0.046 (2) 
C(12) 0.457 (1) 0.219 (3) 0.518 (2) 0.029 (2) 
C(13) 0-317 (1) 0.237 (3) 0.518 (2) 0.034 (2) 
C(14) 0.339 (I) 0'089 (3) 0'371 (2) 0.046 (2) 
N(2) 0.1350 (9) 0.732 (2) 0'581 (1) 0.034 (2) 
C(21) 0-044 (1) 0.706 (3) 0.560 (2) 0.031 (2) 
C(22) 0.182 (1) 0.730 (3) 0.696 (2) 0-031 (2) 
C(23) 0.163 (1) 0.589 (3) 0.530 (2) 0-037 (2) 
C(24) 0.147 (1) 0.909 (3) 0.535 (2) 0-041 (2) 
N(3) 0.3653 (9) -0.742 (2) -0.050 (I) 0-034 (2) 
C(31) 0.342 (1) -0.915 (3) -0.106 (2) 0-033 (2) 
C(32) 0.456 (1) -0.742 (3) 0.014 (2) 0-044 (2) 
C(33) 0.320 (1) -0.716 (3) 0.023 (2) 0.040 (2) 
C(34) 0-346 (I) -0.597 (4) -0-130 (2) 0.049 (2) 
N(4) 0.1346 (9) -0.241 (2) 0-081 (I) 0.026 (2) 
C(41) 0.044 (I) 0.233 (3) 0.058 (2) 0.033 (2) 
C(42) 0.181 (1) -0.215 (3) 0-198 (2) 0-040 (2) 
C(43) 0.156 (I) -0.099 (4) 0-020 (2) 0.046 (2) 
C(44) 0.156 (1) -- 0.423 (3) 0.048 (2) 0.040 (2) 

observed. A projection of the structure onto the ac 
plane is shown in Fig. 7. A comparison of the LT 
(monoclinic, ordered) phase and the HT (ortho- 
rhombic, disordered) phase shows that the two 
orientations of the SOn tetrahedra observed in the 
HT phase are found in LT with minor differences. 
Consecutive SO4 tetrahedra interacting by a hydro- 
gen bond are symmetry independent. The atoms in 
the N(CH3)4 groups have approximately the same 
positions in both phases. The final R factor obtained 
is rather high. The existence of twin domains might 
explain some difficulties in the refinement, particu- 
larly since it is not a merohedry twinning. A second 
difficulty arises from the number of refined variables 
and the number of unique reflections collected, i.e. 
506 and 1682 respectively. 

phase of TMSO 

S(I)--O(1 I) 1 . 4 2 3  0(11)--S(1)--O(12) 114.22 
S(I)--O(I 2) 1.442 0(I 1)-- S(l)--O(13) 108.03 
S(I)--0(13) 1-521 0(I 1)--S(1 }--0(14) 110.15 
S(l)--O(14) 1.497 0(I 2)-- S(l)--O(I 3) 108.71 

0(12)---S(1)--0(14) 108.79 
0(I 3)--S(1)--0(14) 106.65 

S(2)--0(21 ) 1.414 0(21)-- S(2)--0(22) 113.46 
S(2)--0(22) 1.457 0(21 )--S(2)--0(23) 109.54 
S(2)--0(23) 1.501 0(2 I)--S(2)--0(24) 109.80 
S(2)--0(24) 1 . 5 1 1  0(22)--S(2)--0(23) 107-93 

0(22)-- S(2)--0(24) 108-95 
0(23)-- S(2)--0(24) 106-95 

S(3)--0(3 I) 1.409 0(3 I)--S(3)--0(32) 114-91 
S(3)--0(32) 1.412 0(3 I)--S(3)--0(33) 109-50 
S(3)--O(33) 1.512 0(31 )--S(3)---O(34) 108.85 
S(3)-O(34) 1 . 5 4 1  O(32)--S(3)--O(33) 110.22 

O(32)--S(3)--0(34) 107.20 
O(33)--S(3)--O(34) 105.73 

S(4)--O(41 ) 1-417 0(41)-- S(4)--O(42) 114.50 
S(4)---O(42) 1.414 O(41 )--S(4)--O(43) 109.84 
S(4)--O(43) 1.525 O(41 )-- S(4)--O(44) 108.80 
S(4)--O(44) 1 . 5 3 1  0(42)-S(4)--O(43) 108.31 

O(42)mS(4)---O(44) 109.71 
O(43)--S(4)--O(44) 105.29 

N(I )--C(I I) 1.534 C(I I)---N(I)--C(I 2) 108.84 
N(1)--C(12) 1.528 C(I I)--N(1)---C(13) 109.42 
N( I )--C(13) 1 . 4 6 9  C(11)--N(I)--C(14) 110.45 
N(I)--C(14) 1.505 C(I 2)--N(I)---C(I 3) 108.94 

C(12)--N(I)--C(14) 108.71 
C(13)--N(1)--C(14) 110.44 

N(2)--C(21 ) 1.514 C(21 )--N(2)---C(22) 108.79 
N(2)--C(22) 1 - 4 6 1  C(21)--N(2}--C(23) 108-79 
N(2)--C(23) 1.467 C(21 )--N(2)---C(24) 109-47 
N(2)---C(24) 1 . 5 2 8  C(22)--N(2}--C(23) 110-21 

C(22)--N(2)---C(24) 109.97 
C(23)--N(2)---C(24) 109.58 

N(3)--C(3 I) 1 . 4 9 9  C(31)--N(3)--C(32) 108.99 
N(3)--C(32) 1 . 4 8 9  C(31)--N(3)--C(33) 109'98 
N(3)--C(33) 1-494 C(31 )~N(3 }--C(34) 109.12 
N(3)--C(34) 1 - 4 9 8  C(32)--N(3)--C(33) 109.04 

C(32)--N(3)---C(34) 109.14 
C(33)--N(3)--C(34) 110.54 

N(4)--C(41) 1 - 4 9 5  C(41)--N(4)--C(42) 108.49 
N(4)--C(42) 1 - 5 0 1  C(41)--N(4)--C(43) 109.10 
N(4)--C(43) 1-496 C(41 )-- N(4)--C(44) 109-40 
N(4)---C(44) 1 . 5 3 9  C(42)--N(4)--C(43) 110.32 

C(42)--N(4)--C(44) 109.69 
C(43)--N(4)--C(44) 109.82 

7. Concluding remarks 

The sequence of phase transitions for TMSO has 
been studied by DSC from room to liquid nitrogen 

temperature and by optical methods from room to 
liquid helium temperature. Two phase transitions 
have been observed. Crystal structures of the three 
different phases have been determined. The results 
are summarized in the following scheme: 

HT INC LT 
Orthorhombic Ti Orthorhombic T,. Monoclinic 

< > 232(2) K < > 202(2) K < 
P n 2 t a  pen2,~ P1211 -- i f T  

From the DSC eurves and from the bireffingenee 
measurements (Figs. 2 and 3) it is evident that the 
TMSO crystals undergo a first-order phase transition 
at 7",.. In the neighborhood of Ti, Fig. 3 shows a 
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continuous variation of the birefringence, while at Ti 
a change in its derivative can be identified. For this 
reason and considering the shape of the DSC curve, 
the phase transition at Ti is second order. 

The structure of the HT phase shows a disorder of 
sulfate tetrahedra which adopt two different orien- 
tations. By contrast, no disorder of the tetramethyl- 
ammonium ions could be detected. The structure of 
the LT phase can be satisfactorily interpreted as 
resulting from an ordering of the normal phase. 

No complete structural analysis has been per- 
formed for the INC phase. Some hints can be given 
about the modulation by considering the crystal 
structures of the neighboring phases. The positions 
of the N(CH3)4 groups are very similar in the normal 
and commensurate phases. It is thus reasonable to 
suppose that they do not contribute significantly to 
the modulation of the INC phase. In the normal HT 
phase, the two different orientations of the SO4 ions 
give rise to two opposite orientations in the commen- 
surate LT phase. They probably have antiphase 
rotational displacements in the INC phase. More- 
over, owing to the temperature dependence of the 
lattice constants, the existence of a displacement in 
the b direction is probable. An initial model to solve 
the incommenusurately modulated phase should con- 
tain a rotation of the sulfate groups about the a 
direction in addition to a translation in the b direc- 
tion. Both rotational and translational displacements 
of the tetrahedra, corresponding to the two different 
orientations, should be half a wavelength out of 
phase. 

Recent studies on superionic properties of TMSO 
(Blinc et al., 1984) show that the acid protons are 
responsible for the high ionic conductivity. In the 
present work, the position of the H + ion was not 
included in the refinements of the TMSO phases. 

However, from the S - -O  distances, the O atoms 
participating in the hydrogen bonds can be clearly 
identified. The O-- -H--O distances range from 2.50 
to 2.54 A in the HT phase and from 2-54 to 2.59 A in 
the LT phase. These short values agree with an 'acid' 
hydrogen bond (Hamilton & Ibers, 1968). 

It would be of interest to study other similar 
compounds, N(CH3)aHSeO4 for example. The results 
obtained in the TMSO study, both for crystal pre- 
paration and handling, and for structure determina- 
tion, could be helpful for future analysis of this type 
of compound. Hydrogen-bonded chains of SO4 were 
also observed in CsHSO4 (ltoh, Ozaki & Nakamura,  
1981). This compound exhibits a superionic phase 
with high proton conductivity 
Shuvalov & Shchagina, 1982). It 
a correlation exists between the 
and the presence of SO4 chains 
ture. Another compound with 
formula, CsHSeO4, also shows 

as well (Baranov, 
therefore seems that 
proton conductivity 
in the crystal struc- 
a similar empirical 
a superionic phase 

(Baranov et al., 1982). Its crystal structure consists of 
isolated Cs atoms and of chains of hydrogen-bonded 
selenate ions (Baran & Lis, 1987). 

The crystal growth of N(CH3hHSO4 could be 
improved to obtain an ordered phase at room tem- 
perature: the crystal growth in the presence of an 
external electric field could perhaps solve the prob- 
lem. Such a field may favor the presence of a unique 
orientation for the SO4 tetrahedra. 

We would like to thank H. Berger for his invalua- 
ble help with crystal growing, Dr J. P. Rivera for the 
optical measurements and Professor H. Arend tor 
supplying some crystals and DSC measurements. We 
wish to thank Dr Kurt Schenk for valuable discus- 
sions and suggestions. This work was partially sup- 
ported by Conselho Nacional de Densenvolvimento 
Cientifico e Tecnol61ico (CNPq-Brazil). 
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Fig. 7. Projection along [010] of the structure of the LT (ordered) 
phase of TMSO, corresponding to one of the twin domains. 
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Abstract 

The structure of papaya protease omega (pp,(/) has 
been determined using Enraf-Nonius FAST TV data 
collected using the Daresbury Synchrotron Radia- 
tion Source (SRS). This is the first protein structure 
to be determined using the FAST/SRS combination 
and the first protein structure to be solved in space 
group P3112. The structure has been refined to a 
crystallographic R factor of 0.1549 for all data in the 
range 10.0-1.8 A. 

I. Introduction 

Papaya protease omega (ppY2) is a cysteine protease 
from the latex of Carica papaya, p p ~  is homologous 
to papain (69% sequence identity; Dubois, Klein- 
schnidt, Schnek, Looze & Braunstzen, 1988) and the 
level of homology suggests that the structures of 
papain and pp/2 are similar and that the structure of 
ppS2 may therefore be solved by molecular 
replacement. The structure of papain was determined 
by multiple-isomorphous replacement and refined by 
Drenth and colleagues (Kamphuis, Kalk, Swarte & 
Drenth, 1984). A monoclinic (P21) crystal form has 
been solved by molecular replacement recently 

* Author to whom correspondence should be addressed. 

0108-7681/91/050766-06503.00 

(Pickersgill, Harris & Garman, 1991) and refined to 
R = 0"1596 using 10.0 to 1"60/k data. This structure 
was used as the search model in molecular 
replacement. 

The activity of ppS2 is similar to that of papain 
although subtle differences in specificity and stability 
have been reported. 

pps2 crystals diffract only weakly using a sealed- 
tube source and to a resolution limit of about 2.6 A 
using X-rays from a rotating-anode source. At the 
Daresbury synchrotron radiation source (SRS) these 
crystals diffracted to 1.8/k. This paper reports data 
collection, reduction and the use of these data to 
solve and refine the structure of ppY2. 

2. Experimental procedures 

2.1. Crystals and SRS/FAST data collection and 
reduction 

Protease /2 was eluted from a carboxymethyl- 
Sepharose column and dialysed against 100mM 
sodium acetate at pH 5.0 containing 2.0 mM mer- 
curic chloride (Pickersgill, Sumner & Goodenough, 
1990). The mercuric chloride prevented autolysis of 
the protein. Before crystallization the protein was 
dialysed against 50 mM Tris buffer at pH 8.0 con- 
taining 250 mM sodium chloride to remove any 
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