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Dielectric, DSC, thermal expansion and preliminary X-ray diffraction studies on (/i-C3H7NH3)2SbBr5 
are reported. It was found that this crystal undergoes a complex sequence of phase transitions. On 
cooling: phase I phase II at 188.7 K (continuous), II -»• III at 165 K (1st order, z!S = 26.8 J/mol K), 
III IV at 137 K (1st order, 1.6 J/mol K). On heating: IV III at 154 K, III II' at 168 K, II' -> II 
at 177 K (1st order, 2.8 J/mol K), II I at 189 K. All 1st order phase transitions are likely due to 
the motion of the n-C3H7NH3 cations. The dielectric dispersion studies between 100 H z - 1 MHz 
within the phases I and II indicate a fast reorientational motion of dipoles with T < 10"7 s. 
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1. Introduction 

T h e p rope r t i e s of crysta ls of the fami ly of a lkyl-
a m m o n i u m ha logenoan t imona t e s (III) wi th the genera l 
f o r m u l a R 3 M 2 X 9 (where R = ( C H 3 ) „ N H 4 _ n , M = Sb, 
Bi, X = CI, Br, I) h a v e been extensively inves t iga ted , cf. 
[ 1 - 4 ] a n d references ci ted there in . M o s t of these c o m -
p o u n d s revealed pyroelec t r ic i ty [5], fe r roelec t r ic i ty [6] 
a n d ferroelas t ic i ty [7]. M o t i o n s of t he a l k y l a m m o -
n i u m c a t i o n induce o r d e r - d i s o r d e r t ype p h a s e t r ans i -
t ions . 

Fe r roe lec t r i c p rope r t i e s h a v e a lso been f o u n d in the 
closely re la ted crys ta ls of ( C H 3 N H 3 ) 5 B i 2 X 1 1 (X = CI, 
Br) [1], I n general , the s t r u c t u r e a n d phys ica l p r o p -
ert ies of R x M y X z (where R = a l k y l a m m o n i u m ) c o m -
plexes a re affected by the size a n d s y m m e t r y of the 
ca t ions . Very little is k n o w n a b o u t poss ib le s t r u c t u r a l 
p h a s e t r ans i t i ons in such crys ta ls c o n t a i n i n g la rger 
a l k y l a m m o n i u m ca t ions t h a n ( C H 3 ) „ N H 4 _ „ ones . 

Recent ly N Q R on ( n - C 3 H 7 N H 3 ) 2 S b B r 5 h a s re-
vealed a d i sappearance of resonance lines a b o v e 160 K 
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[8]. D T A o n this c rys ta l c o r r o b o r a t e s the s t r u c t u r a l 
p h a s e t r a n s i t i o n (SPT) of 1st o r d e r at 170 K . T h e 
c rys ta l s t r u c t u r e is b i s - n - p r o p y l a m m o n i u m p e n t a -
b r o m o a n t i m o n a t e (hereaf te r a b b r e v i a t e d as n P B A h a s 
n o t b e e n r e p o r t e d as yet. 

T o c lar i fy t he f ea tu res of t he t r ans i t ion , we h a v e 
ca r r i ed o u t X - r a y (at r o o m t empera tu re ) , t h e r m a l ex-
p a n s i o n , D S C a n d dielectr ic m e a s u r e m e n t s . 

2. Experimental 

2.1. Samples 

n P B A w a s o b t a i n e d by s low e v a p o r a t i o n of a n 
a q u e o u s s o l u t i o n c o n t a i n i n g s to i ch iomet r i c a m o u n t s 
of p r o p y l a m i n e a n d S b 2 0 3 w i th a n excess of H B r . 
Single c rys ta l s we re g r o w n by s low e v a p o r a t i o n of a n 
a q u e o u s s o l u t i o n a t r o o m t e m p e r a t u r e . P la te le t -
s h a p e d single c rys ta l s of a b o u t 5 x 5 x 1 m m 3 were 
used fo r the dielectr ic m e a s u r e m e n t s be tween 1 7 0 -
300 K ; silver p a s t e w a s used as the e lect rodes . 

Single c rys ta l s a re comple te ly de s t royed a t the 
165 K p h a s e t r a n s i t i o n (PT) po in t . To p e r f o r m m e a -
s u r e m e n t s b e l o w 165 K, po lycrys ta l l ine s amples of 
a b o u t 50 m m 2 x 1 m m were f o r m e d f r o m a p o w d e r . 
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2.2. DSC Measurements 

The calorimetric measurements were performed on 
a Perkin-Elmer DSC-7 differential scanning calorime-
ter with a scanning speed of 3 deg/min. 

2.3. Thermal Expansion 

The linear thermal expansion was measured by a 
dilatometer of the difference transformer type (thermo-
mechanical analyzer Perkin-Elmer TMS-2) . Unde r 
dynamic temperature condit ions the measurements 
were per formed on heating and cooling at rates of 
0 . 1 - 0 . 1 5 K/min . The measurements on each sample 
were repeated several times. The results were repro-
ducible within 1 0 - 1 5 % . The accuracy of the thermal 
expansion determinat ion is abou t 2 % . 

2.4. Dielectric Measurements 

The complex electric permittivity e* was measured 
by means of an H P 4284A precision L C R meter f r o m 
100 Hz to 1 M H z and in the temperature range f r o m 
abou t 300 K to 100 K, the cooling rate being a b o u t 
0.1 K/min in the vicinity of the critical t empera ture 
(jTJ and abou t 1 K/min elsewhere. 

2.5. X-ray Experiment 

The single crystal da ta were obtained using a com-
mercial Weissenberg camera ( C u - K a , / = 1.54184 Ä). 

Fig. 1. Differential scanning calorimeter 
curves of nPBA on cooling (3 K/min). 

3. Results and Discussion 

3.1. X-ray Diffraction Studies 

Preliminary X-ray crystal studies were not success-
ful since even very small single crystals grown f rom 
aqueous solution exhibited multiple twinning along 
the a-axis. Therefore the space group determinat ion 
was not feasible. The presented crystal da ta combine 
the results of "s ingle" crystal oscillation pho tograph 
results and powder di f f ract ion data . The latter were 
used for indexing procedures (ITO, Powder routines) 
as well as for the ref inement of the unit cell parame-
ters. It should be stressed that the indexation of the 
powder da ta was not unique and led to several solu-
t ions with very close figures of merit. The most prob-
able solution has been selected by direct compar ison 
with the b and c directions found f rom oscillation 
pho tographs . 

The reflections were indexed on an or thorhombic 
unit cell (primitive). The following lattice parameters 
at r o o m tempera ture (295 K) were obta ined: a — 
7.884(7), b= 14.516(7), c = 15.913(9) Ä (K = 1821.1 Ä3, 
Z = 4, <4 = 2.33, </c = 2.3(4). 

3.2. DSC Results 

D S C experiments have been performed on heating 
and cooling between 100 and 300 K. In Fig. 1 a cool-
ing run at 3 K /min is shown. F r o m the DSC plot it 
follows that nPBA undergoes, on cooling, three sue-
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Fig. 2. Differential scanning calo-
rimeter curves of nPBA on heating 
(3 K/min). 

Table 1. Phase transitions in (n-C3H7NH3)2SbBr5 . 

Cooling Heating 

Type Tc AS Type Tc AS 
of PT [K] [J/mol K] of PT [K] [J/mol K] 

I -+ II 188.7 _ II —> I 189 
2nd order 2nd order 
II ^ III 165 26.8 II'-»II 177 2.8 
1st order 1st order 
III IV 137 1.6 III II' 168 25.2 
1st order 1st order 

IV - III 154 1.5 
1st order 

cessive s t ruc tu ra l p h a s e t r ans i t ions . U n e x p e c t e d l y , o n 
h e a t i n g f r o m 100 K (see Fig. 2) n P B A reveals a n add i -
t i o n a l hea t a n o m a l y be tween the p h a s e s I I I a n d II . 

T h e o b t a i n e d p a r a m e t e r s of all h e a t a n o m a l i e s a re 
l is ted in Table 1. 

T h e largest h e a t anoma l i e s a t t h e II -» I I I a n d 
I I I -> I I ' P T ' s c o r r e s p o n d to the P T visible by N Q R 
a n d D T A t e c h n i q u e s [8], N o t e t he relat ively la rge 
t r a n s i t i o n e n t r o p y ( a b o u t 13 J / m o l K pe r c a t i o n ) a t 
165 K . T h e c o n t i n u o u s I -> II P T a t 188.7 K a n d 1st 
o r d e r I I I -»• IV P T a t 137 K are r e p o r t e d here f o r the 
first t ime. T h e l a t t e r one is c h a r a c t e r i z e d by a rela-
t ively smal l a s soc i a t ed e n t r o p y c h a n g e (1.6 J / m o l K ) 
b u t a d is t inc t t e m p e r a t u r e hys teres is of the o r d e r of 
17 K . T h e 1st o r d e r I I ' -» I I P T a t 177 K is i r revers ible 
a n d visible on ly d u r i n g hea t ing . 

T h e D S C s tud ies seem to sugges t t h a t the t r a n s i t i o n 
f r o m the p h a s e s I I I t o I I p r o c e e d s by the f o r m a t i o n of 
t he m e t a s t a b l e p h a s e II ' . 

T h e e n t r o p y v a l u e s o b t a i n e d f o r all 1st o r d e r PTs in 
n P B A ind ica te t h e o r d e r - d i s o r d e r type of these t r ans -
f o r m a t i o n s . H o w e v e r , the I I I —• IV P T is likely d u e t o 
a sub t l e s t r u c t u r a l c h a n g e . 

3.3. Thermal Expansion 

T h e overa l l b e h a v i o u r of t he t h e r m a l d i l a t i on of 
po lyc rys ta l l ine n P B A o n coo l ing is s h o w n in F i g u r e 3. 
D i s t i n c t a n o m a l i e s in the t h e r m a l d i l a t ion occu r a t TC2 

(162 K ) a n d T c 3 (134 K ) , i nd ica t ing t he 1st o r d e r P T 
w h i c h is cons i s t en t w i t h t h a t f o u n d by D S C . It s h o u l d 
be n o t e d t h a t t h e I I - > I I I P T is a c c o m p a n i e d by a 
re la t ive ly large e x p a n s i o n ( J / / / ~ 1 • 10 ~ 2 ) . Because 
o f t h e c r a c k s of t h e s a m p l e a t th i s t r a n s i t i o n p o i n t the 
o b s e r v e d j u m p of Al/l m a y be r e g a r d e d as qua l i t a t ive . 
T h e nex t j u m p of Al/l a t T c 3 ( I I I - * I V ) of a b o u t 
1.4 • 1 0 " 3 w a s ve ry well r ep roduc ib l e . T h e inser t in 
F ig . 3 s h o w s in de ta i l the c h a n g e s in the e x p a n s i o n 
c u r v e n e a r t he I -> II P T a n d c o r r o b o r a t e s the 2 n d 
o r d e r n a t u r e o f th i s t r ans i t i on . F i g u r e 4 s h o w s the 
t e m p e r a t u r e d e p e n d e n c e of d i l a t i on of po lycrys ta l l ine 
n P B A o n h e a t i n g . T h e va lue of the first a n o m a l y a t 
T c 3 is c o m p a r a b l e w i t h t h a t o n coo l ing , b u t the nex t 
o n e a t TC2 is d i s t inc t ly smal le r o n h e a t i n g t h a n 
(Al/0i62K o n c o o l i n g . I t is in te res t ing t h a t t he a d d i -
t i o n a l P T a t TC2 r evea ls the o p p o s i t e sign in the c h a n g e 
o f Al/l in c o m p a r i s o n to the t w o first P T ' s . T h e c o n -
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HO 160 180 200 T / K 

Fig. 3. Thermal expansion of 
polycrystalline nPBA on cooling. 

Fig. 4. Thermal expansion of 
polycrystalline nPBA on heating. 

t i n u o u s P T a t Tcl is well visible (see t h e inser t in 
F i g u r e 4). F o r the I I I IV PT, wh ich is well r e p r o -
ducib le , o n e can e s t ima te the p ressure coe f f i c i en t us-
ing the C l a u s i u s - C l a p e y r o n re la t ion 

dTc/dp = AV/AS, 

where AV = 3 x AI/1 is the c h a n g e in m o l a r v o l u m e a t 
T c 3 a n d AS is the e n t r o p y c h a n g e e s t ima ted f r o m o u r 
D S C exper imen t . T h e o b t a i n e d va lue of dTc/dp is 
76.5 • 1CT2 K • M P a - 1 . 

S u m m a r i z i n g the t h e r m a l expans ion s tudies , o n e 
c a n s t a te t h a t the p resen t d i l a tome t r i c e x p e r i m e n t cor -
r o b o r a t e s b o t h the s equence a n d the n a t u r e of the PTs 
de t ec t ed by D S C t echn ique . 

3.4. Dielectric Results 

T h e dielectr ic m e a s u r e m e n t s were p e r f o r m e d b o t h 
fo r t he po lycrys ta l l ine a n d fo r the single c rys ta l s am-
ples in the c-axis d i r ec t ion , which seemed to be the 
m o s t in te res t ing one. 
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Fig. 5. Temperature dependence of the electric permittivity e' 
of polycrystalline nPBA at various frequencies between 
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Fig. 7. Temperature dependence of the electric permittivity e' 
along the c-axis of nPBA in the vicinity of the I II PT 
temperature. 

F i g u r e 5 shows the t e m p e r a t u r e d e p e n d e n c e of t he 
electric permi t t iv i ty e' ( the resul ts were o b t a i n e d fo r 
the f requency range 100 H z - 1 M H z ) for a few selected 
f requenc ies in the who le t e m p e r a t u r e in te rva l . T h e 
crysta l of n P B A exhibi ts a ce r t a in d i spers ion of pe r -
mi t t iv i ty £* at r o o m t e m p e r a t u r e , the s t r e n g t h of 
which wi th in the p h a s e I decreases wi th d e c r e a s i n g 
t e m p e r a t u r e . T h e pe rmi t t iv i ty in th is p h a s e is fa ir ly 
c o n s t a n t (11 units) a n d decreases negligibly d o w n t o 
the first p h a s e t r ans i t ion a t 188 K , wh ich is in de ta i l 
i l lus t ra ted in F i g u r e 6. Be low 188 K the t e m p e r a t u r e 
d e p e n d e n c e of £' changes . At t he lowest f r equenc ie s a 
slight increase of e' w i th dec reas ing t e m p e r a t u r e is 
observed . O n the o the r h a n d a t the h ighest f r equenc i e s 
a visible c h a n g e in the s lope of the l inear d e p e n d e n c e 
of e ' ( T ) occurs . At the II I I I P T a d ras t i c j u m p of 
the pe rmi t t iv i ty (near 7 uni ts ) is obse rved (see F ig . 5), 
the t e m p e r a t u r e charac te r i s t i c r e sembl ing t o s o m e ex-
tent a p h a s e t r ans i t ion of t he " r o t a t i o n a l " type . Af te r 
the t r a n s f o r m a t i o n to t he p h a s e I I I t he s a m p l e s c r a c k 
a n d the obse rved dielectr ic p i c tu re is only q u a l i t a t i v e 
(see inser t in F i g u r e 5). Never the less , in the vicini ty of 
135 K a n a n o m a l y is visible wi th a b r o a d s' m a x i m u m . 
D i spe r s ion of the pe rmi t t iv i ty in th is f r e q u e n c y reg ion 
for the p h a s e IV migh t be expec ted . 

M o r e in teres t ing resul ts were o b t a i n e d f r o m the 
m e a s u r e m e n t s of the single crystals . At r o o m t e m p e r -
a t u r e (290 K) the n P B A crys ta l exhib i t s a d i s t inc t a n -
i so t ropy of the dielectr ic p rope r t i e s , e^ ~ 12, £'c ~ 19. A 
p repa ra t i on of co r r e spond ing samples pe rpend icu la r ly 
to the ^-direct ion did n o t succeed ( two cleavage planes). 

S tar t ing f r o m r o o m tempera tu re , s' a t all used fre-
quencies decreases slightly wi th t empera tu re , b u t be low 
260 K it increases. Close to 220 K (for m o s t of investi-
gated single crystals) a step-wise change of e' is ob -
served, par t icular ly well seen a t low frequencies . I t 
should be men t ioned tha t n o effect close to 220 K for 
the polycrystal l ine samples was observed. T h e r ea son 
for this behav iou r is no t clear, a n d the D S C a n d d i la to-
metr ic studies did n o t r ecord any essential t h e r m a l 
a n o m a l y in this t e m p e r a t u r e range. F u r t h e r m o r e , a dis-
tinct t empera tu re a n o m a l y wi th s t rong f requency de-
pendence of e'(co) is obse rved close to 190 K , which 
co r r e sponds to the c o n t i n u o u s I —>11 P T . T h e dielectric 
losses a c c o m p a n y i n g this p h a s e t rans i t ion a re signifi-
cant ly lower, which indicates the s t rong b r o a d e n i n g of 
the observed dispersion of e* (co). 

A discussion of the observed P T s requires t he k n o w l -
edge of the crystal s t ruc tu re of the c o m p o u n d u n d e r 
s tudy to define the type of o rder ing of the n -p ropy l -

160 180 200 T / | < 220 

Fig. 6. Temperature dependence of the electric permittivity e' 
of polycrystalline nPBA at various frequencies in the vicinity 
of I ^ II PT and II III PT points. 

CM kHz 
©10 kHz 
• 1 MHz 
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a m m o n i u m ca t ion . It is, however , u n d o u b t f u l ( taking 
in to a c c o u n t the en t ropy values zJS) tha t this ca t ion 
con t r ibu te s essentially to all the s t ruc tura l PTs . T h e 
dielectric p i c tu re in the vicinity of the Tc of II I I I 
seems unexpec ted . T h e " ro t a t iona l " type of the E'(T) 
character is t ic requi res a sudden freezing of the whole o r 
p a r t of the molecu le with a significant dipole m o m e n t . 
Addi t ional ly , it shou ld be not iced t h a t dielectric disper-
sion related to this mo t ion , a b o v e Tc2, should be f o u n d 
a t f requencies h igher t h a n 1 M H z . This m o t i o n is there-
fore relatively fast. A similar dielectric response was 
also e n c o u n t e r e d in crystals of ( C H 3 N H 3 ) 3 M 2 X 9 

(M = Sb, Bi; X = CI, Br, I), where the m e t h y l a m m o n i u m 
ca t ion p e r f o r m e d the isot ropic ro ta t ion . Since it is least 
p r o b a b l e t ha t the n - p r o p y l a m m o n i u m cat ion pe r fo rms 
the i so t ropic m o t i o n as a whole, on ly the ro ta t ion of 
pa r t of it c an give a con t r ibu t ion to the mechan i sm of 
the II -> III P T . T h e m e c h a n i s m of the con t inuous 
I —»- II t r ans i t ion m a y be m o r e complex . T h e low fre-
quency process (in the k i loher tz region) plays u n d o u b t -
edly a role here. T h e m a g n i t u d e of this process is, h o w -
ever, significantly d is tor ted by the permit t ivi ty a n o m a l y 
at 220 K, par t icu lar ly at low frequencies. 

Dielectric s tudies on single crystals for all crystallo-
g raph ic d i rec t ions are n o w in progress . Careful X-ray 
invest igat ions a re also necessary in o rde r to elucidate 
the origin of all t ransi t ions. 

4. Conclusions 

1. ( n - C 3 H 7 N H 3 ) 2 S b B r 5 b e longs to t he o r t h o r h o m -
bic s y m m e t r y a t r o o m t e m p e r a t u r e . 

2. B o t h D S C a n d t h e r m a l e x p a n s i o n s tud ies re-
vealed the s t r u c t u r a l p h a s e t r a n s i t i o n s in n P B A for the 
first t ime : 
a) c o n t i n u o u s P T a t 188.7 K / 1 8 9 K ( coo l ing /hea t i ng ) , 
b) 1st o r d e r P T a t 137 K / 1 5 4 K , 
c) 1st o rde r P T a t 177 K (irreversible, on ly o n heating). 

3. All 1st o r d e r P T s a re a c c o m p a n i e d wi th large 
e n t r o p y changes , i n d i c a t i n g a n o r d e r - d i s o r d e r m e c h a -
nism likely d u e to n - p r o p y l a m m o n i u m c a t i o n dis-
order . 

4. F r o m the die lect r ic p o i n t of view the II -> I I I P T 
is a typical 1st o r d e r t r a n s i t i o n re la ted t o a f reezing of 
r o t a t i o n a l m o t i o n (like a p las t ic m o l e c u l a r crystal) . 
Th is t r a n s f o r m a t i o n s h o u l d be d u e t o a d r a s t i c s t ruc-
tu ra l change . 

5. T h e lack of a d i s t inc t die lectr ic d i spe r s ion of 8* 
with in the p h a s e s I a n d II u p t o 1 M H z p o i n t s to a 
very fast r e o r i e n t a t i o n a l m o t i o n of d ipo le s c o n n e c t e d 
wi th n - C 3 H 7 N H 3 c a t i o n s ( t < 1 0 " 7 s). 

6. A d is t inc t a n i s o t r o p y of the electr ic pe rmi t t iv i ty 
( 4 > E'J is f o u n d in t he r o o m t e m p e r a t u r e p h a s e I. 
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