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D i˜ erenti al scannin g calorimetr y and X -ray di˜raction measurements
w ere per formed on a deuterated tetraammonium di hydrogen triselenate

( N D 4 ) 4 D 2 ( SeO4 ) 3 crystal at low temp eratures . A structural phase transi-
tion is found at 182.0(3) K . T he space group symmetry (triclin ic P 1) and
the structure parameters are determined at 145 K in the low-temp erature

phase. T he isotop e e˜ect for an asymmetric O { H {O hydrogen b ond by the
substitutio n of deuterium is discussed.

PACS numb ers: 61.66.Fn , 64.60.F r

1. I n t rod uct io n

T etra am monium dihydro gen tri selenate (N H4 ) 4H 2( SeO4) 3 crysta l exhi bi ts a
superionic phase tra nsiti on at 378 K and mel ts at 432 K as observed by therm al
and electri cal conducti vi ty m easurements [1, 2]. A substanti al increase in electri cal
conducti vi ty f rom 10À 5 to 4 È 1 0 À 3 ¨ À 1 cm À 1 occurs at the tra nsiti on [2]. The
hi gh- temperature phase is recognized as the superionic state wi th a low acti vati on
energy (0.11 eV) [2{ 7]. It is found from the Ram an measurements tha t a change

(53)
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in dyna m ics of SeO4 and HSeO4 enti ti es begins about 15 K below the superionic
tra nsiti on tem perature and the tem perature hysteresi s of i ts tra nsiti on tempera-
ture is about 30 K [6, 7]. The crysta l structure at room tem perature is found to
be tri clinic wi th space group P 1 wi th two molecular uni ts in a uni t cell [1, 8].

In the previ ous papers [9, 10] we have perf orm ed di ˜erenti al scanni ng calori -
m etry (D SC), electro n param agneti c resonance (EPR ) and X- ray di ˜ra cti on mea-
surements for the (NH 4) 4 H2 (SeO4 )3 crysta l below room tem perature. The D SC
curve and the tem perature dependence of the 7 7 Se hyp erÙne l ine positi ons of a
SeOÀ

3 radical show the exi stence of a low- temperature structura l phase tra nsi ti on
at 182 K. Mo reover, the crysta l structure at 141 K in the low- temperature phase
is found to be tri clini c wi th space group P 1 [10]. The positi on of the O(1 ) atom
of a Se(1)O 4 tetra hedro n is shi fted duri ng the tra nsi ti on from the room - to the
low- temperature pha ses. As vi ewed along the di recti on whi ch is perpendicul ar to
the two mutua l ly perpendicul ar bonds of O(1 ){ O(4) and O(2 ){ O(3), the angle of
the devi ati on of the O(1) ato m from the Se{O(1 ) di recti on is about 6 £ [10].

On the other hand, a deutera ted tetra am m onium di hydro gen tri selenate
(ND 4 ) 4D 2( SeO4) 3 crysta l exhi bi ts hi gh-tem perature phase tra nsiti ons at 378 K
and 428 K, and mel ts at 432 K as observed by D SC m easurements [1]. The crysta l
structure for the (ND 4 )4 D 2( SeO4 ) 3 crysta l at room tem perature is f ound to be
tri clinic wi th space group P 1 [1]. However, the crysta l structure and the existence
of phase tra nsiti on at low tem perature have not been reported yet. The purp ose
of thi s paper is to reveal the existence of the low-tem perature structura l phase
tra nsiti on of (ND 4 ) 4D 2( SeO4 ) 3 by di ˜erenti al scanni ng calorim etry and to report
the crysta l structure in the low- tem perature phase.

2. E x per i m en t a l

Single crysta ls of (ND 4 ) 4D 2( SeO4) 3 were recrysta l l ized six ti m esf rom a D 2 O
soluti on conta ini ng deutera ted crysta ls, by slow evaporati on in a desiccato r over
P 2 O5 . The Ùrst deutera ted crysta ls were obta ined from a D2 O soluti on conta in-
ing (NH 4) 2 SeO4 and H 2 SeO4 at the m olar rati o of 1.44 : 1 by the evaporati on
m etho d [1]. No signals from H nucl ei in the sampl e crysta l were observed by the
Fouri er tra nsform NMR (FT- NMR ) measurements. Theref ore, the deutera ti on rate
of the sampl e crysta ls is considered to be nearl y 100%.

D i˜erenti al scanni ng calori m etry (D SC) wa s perform ed wi th a D SC220 f rom
Seiko Instrum ents, Inc. The am ounts of the sam ple crysta l for the D SC mea-
surement vari ed between 1.64 and 6.25 m g. The X- ray m easurement wa s car-
ri ed out by using an Enra f-Nonius CAD -4 four- circl e auto matic di ˜ra ctometer
wi th an express softw are and graphi te m onochromated Mo K ˜ radi ati on (Ñ =

0 : 7 1 0 7 3 ¡A). The sam ple tem perature was contro l led by using cold N2 gas wi th a
low- temperature apparatus of Enra f -Noni us, and the tem perature Ûuctua ti on was
kept wi thi n Ï 0 : 5 K. The intensi ty data were corrected f or both Lorentz- polari zati on
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and absorpti on e˜ects. The structure was reÙned by the ful l -m atri x least square
m etho d using an SDP crysta l lographi c softwa re package on a personal com puter

T ABLE I
Basic crystallograp hic data, data collecti on and structure reÙnement parameters.

C rystal data

Comp ound /chemical formula weight (N D 4 ) 4 D 2 (SeO 4 ) 3 =M r = 521 : 15

Crystal system/space group T riclinic/ P 1

Lattice constants a = 7 : 65 0(1) ¡A , ˜ = 11 4 :34(1)
£

b = 10 :336( 2) ¡A , Ù = 93 : 29(1)
£

c = 10 :509(2) ¡A ,

Û = 107 :54(1)
£

Volume of unit cell V = 706 : 0(2) ¡A 3

Formula unit per cell Z = 2

Calculated density D = 2: 452 mg m

Linear absorption coe£cient ñ = 7 :88 mm

Crystal shap e/colour Prism/colo url ess

Sample shape/si ze in diameter Sphere/ 2r = 0 :31 mm

Data collecti on

Measurement of temp erature 145 K

Data- collecti on metho d ˚ =2 ˚ scans

Absorption correction typ e Spherical

Numb er of reÛections measured 6473 (˚ m ax = 35 : 0 )

Range of h , k , and l for measured intensities h = 11 12

k = 16 0

l = 15 16

Numb er of standard reÛections 3

Inter val time/intensity decay 120 min/{1. 21%

ReÙnement

R factor/ w R factor (reÙnement on F ) R = 0: 030 =w R = 0 :049

Go odness of Ùt S = 1: 602

Numb er of reÛections used in reÙnement 4745 (I > 3 ¥ ( I ) )

Numb er of parameters reÙned 488

Weighting scheme w = 1 =[ ¥ ( F ) + (0 :02 F ) + 1 : 0]

Maximum of shif t/esd ( =¥ ) m ax = 0 :10

Di˜erence density (p eak/hole) 0.861/{1. 553 e ¡A

Extinction coe£cient 7 :5(5) 10

[11]. Al l nonhydro gen ato ms were reÙned wi th anisotro pic therm al param eters and
the hydro gen ato ms inv olved in hydro gen O . . .O bonds were reÙned isotro pi cal ly.
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Ho wever, the isotro pic therm al param eter of the hydro gen ato ms of the ND 4 ions
wa s Ùxed wi th 0.02. Basic crysta l lographi c data and the experim ental condi ti ons
are l isted in T able I.

3 . R esul t s an d d iscu ssio n

Fi gure 1 shows the DSC heati ng curves for the pro to n and deutera ted com -
pounds below ro om temperature. The heati ng rates for the proto n and deutera ted
compounds were 10 K m inÀ 1 . The weak endotherm ic peaks shown by the arro ws
are detecte d in the D SC charts. General ly, a peak in the D SC chart suggests the
exchange energy at a phase tra nsiti on. The existence of the phase tra nsiti on in
the proto n compound has been conÙrmed by the EPR m easurements [9]. There-
fore, we consider tha t the weak peak appeared in the chart f or the deutera ted
compound also indi cates the exi stence of a phase tra nsi ti on. The phase tra nsi ti on
tem peratures are chosen at the peak temperature of the D SC curve at whi ch the
phase tra nsiti on becom es com pl ete. The averaged tem perature of the phase tra n-
siti on f or som e sam ples is determ ined to be 182(1) K for the proto n com pound
and 182.0(3) K f or the deutera ted com pound [9]. Then, these results indi cate tha t
the substi tuti on of deuteri um for hydro gen in hydro gen bonds does not a˜ect the
tra nsiti on temperature in thi s crysta l . The tra nsiti on entha lpy Â H (entro py Â S )
at the peak is determ ined to be 0.8(1) kJ mol À 1 (4 .5(6) J K À 1 mol À 1) for the
pro to n com pound and 0.52(5) kJ m ol À 1 (2 .9(3) J K À 1 mol À 1 ) for the deutera ted
compound [9].

Fig. 1. DSC curves for (a) (N H 4 )4 H 2 (SeO 4 )3 and (b) (N D 4 4 D 2 SeO4 3 crystals on

heating [9]. The sample weights for the (N H 4 4 H 2 SeO4 3 and (N D 4 4 D 2 SeO 4 3 crystals

w ere 5.52 and 6.25 mg, resp ectively . T he heating rates w ere 10 K min .
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The structure of the (ND 4) 4D 2( SeO4 )3 crysta l at 145 K in the low-tem pera-
ture phase wa s analyzed by X-ray di ˜ra cti on. The observed latti ce parameters are
very close to tho se obta ined at room tem perature except smal l crysta l shorteni ng
along the a - and b-axes [1]. No system ati c absence can be found for the observed
reÛections, sim i larl y to tho se at room tem perature. Theref ore, the space group
is proposed to be tri clinic P 1 or P 1. The discrepancy factors (R factors) for the
structure analysis calcul ated for both the space groups were al l reduced to about
0.03. However, the obta ined ato mic positi ons in the P 1 structure are alm ost the
sam e as tho se in the room -tem perature phase except the smal l shifts of the ato m ic
positi ons produced by the changes of the latti ce parameters. Thi s woul d exclude
the phase tra nsiti on. Theref ore, the space group in the low-tem perature phase is
considered to be P 1 .

The positi onal parameters in fracti ons of the uni t cell and the therm al pa-
ram eters are l isted in T able I I. Selected bond lengths in ¡A and bond angles in
degrees are given in Tabl e I I I.

T ABLE I I

Positional parameters in fractions of the unit cell, equiv alent
isotropic U eq (Se, O , and N ) or isotropic U i so (D) thermal param-
eters (¡A 2 ) at 145 K , where U eq = (1 =3) U a a .

T he isotropic thermal parameter of the D atoms around the N D
ions w as Ùxed w ith U iso = 0: 02.

A tom X Y Z U eq =U iso

Se(1) 0. 15414 0. 72894 0. 36661 0. 0383(2)

Se(2) 0. 45600(8) 0. 62927(6) 0. 72820(6) 0. 0251(2)

Se(3) 0. 16911(8) 0. 13101(6) 0. 88513(6) 0. 0200(2)

Se(4) 0. 85559(8) 0. 26982(6) 0. 63370(5) 0. 0295(2)

Se(5) 0. 54858(8) 0. 36372(6) 0. 26915(6) 0. 0248(2)

Se(6) 0. 83797(9) 0. 86261(6) 0. 11128(6) 0. 0211(2)

O(1) 0. 3457(6) 0. 8387(5) 0. 3451(5) 0. 049(1)

O(2) 0. 0440(9) 0 : 5538(6) 0. 2224(6) 0. 041(2)

O(3) 0. 0011(7) 0. 8142(5) 0. 3899(5) 0. 062(1)

O(4) 0. 1990(7) 0. 7040(5) 0. 5053(4) 0. 047(1)

O(5) 0. 5112(7) 0. 5091(5) 0. 7633(5) 0. 036(2)

O(6) 0. 3454(6) 0. 7236(6) 0. 8390(6) 0. 048(2)

O(7) 0. 2964(7) 0 : 5144(5) 0. 5651(5) 0. 027(2)

O(8) 0. 6332(7) 0. 7562(5) 0. 7110(5) 0. 044(1)
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T ABLE I I (cont. )

A tom X Y Z U eq =U iso

O(9) 0.3394(7) 0. 2544(5) 0.8598(5) 0.035(2)

O(10) 0.2301(8) 0. 0245(6) 0.9370(5) 0.048(2)

O(11) 0.0453(6) 0. 2234(5) 0.9833(4) 0.028(1)

O(12) 0.0106(8) 0. 0063(6) 0.7208(5) 0.032(2)

O(13) 0.6684(8) 0. 1843(6) 0.6713(6) 0.068(2)

O(14) 0.9402(7) 0. 4297(5) 0.7672(5) 0.038(2)

O(15) 0.9853(7) 0. 1625(5) 0.5943(5) 0.044(2)

O(16) 0.7975(7) 0. 2847(6) 0.4872(5) 0.051(2)

O(17) 0.4744(7) 0. 4814(5) 0.2357(5) 0.046(2)

O(18) 0.6597(6) 0. 2852(5) 0.1555(4) 0.026(1)

O(19) 0.6945(6) 0. 4755(5) 0.4333(5) 0.031(1)

O(20) 0.3834(6) 0. 2452(5) 0.2980(5) 0.022(1)

O(21) 0.6607(7) 0. 7487(5) 0.1362(5) 0.039(2)

O(22) 0.7675(7) 0. 9785(5) 0.0699(5) 0.042(2)

O(23) 0.9608(8) 0. 7830(7) 0.0128(6) 0.056(2)

O(24) 0.9748(7) 0. 9867(5) 0.2739(5) 0.020(1)

N (1) 0.2804(8) 0. 5398(5) 0.0122(5) 0.037(2)

N (2) 0.3853(9) 0. 9446(6) 0.1360(5) 0.037(2)

N (3) 0.0240(6) 0. 2928(5) 0.2749(5) 0.025(1)

N (4) 0.3535(9) 0. 2133(7) 0.5488(6) 0.060(2)

N (5) 0.7312(7) 0. 4682(6) 0.9946(6) 0.032(2)

N (6) 0.6424(8) 0. 0629(6) 0.8667(6) 0.056(2)

N (7) 0.9864(8) 0. 7120(6) 0.7250(6) 0.023(2)

N (8) 0.6551(8) 0. 7999(8) 0.4562(6) 0.053(2)

D(O 1) 1.00(2) 0. 10(1) 0.68(1) 0.02(3)

D(O 2) 0.27(2) 0. 60(1) 0.54(1) 0.02(3)

D(O 3) 0.98(2) 0. 95(1) 0.31(1) 0.02(3)

D(O 4) 0.72(2) 0. 44(1) 0.45(1) 0.02(3)

D(1) 0.31(2) 0. 47(1) {0. 03(1) 0.02

D(2) 0.21(2) 0. 54(1) {0. 05(1) 0.02
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TABLE I I (cont. )

A tom X Y Z U e q =U iso

D(3) 0.37(2) 0. 61(1) 0.05(1) 0.02

D(4) 0.21(2) 0. 52(1) 0.06(1) 0.02

D(5) 0.35(2) 0. 90(1) 0.21(1) 0.02

D(6) 0.47(2) 0. 93(1) 0.09(1) 0.02

D(7) 0.40(2) 1. 04(1) 0.19(1) 0.02

D(8) 0.25(2) 0. 89(1) 0.08(1) 0.02

D(9) 0.01(2) 0. 20(1) 0.20(1) 0.02

D(10) 0.01(2) 0. 36(1) 0.26(1) 0.02

D(11) {0. 03(2) 0. 30(1) 0.35(1) 0.02

D(12) 0.12(2) 0. 29(1) 0.28(1) 0.02

D(13) 0.42(2) 0. 16(1) 0.58(1) 0.02

D(14) 0.36(2) 0. 21(1) 0.46(1) 0.02

D(15) 0.43(2) 0. 31(1) 0.63(1) 0.02

D(16) 0.22(2) 0. 17(1) 0.55(1) 0.02

D(17) 0.72(2) 0. 58(1) 1.07(1) 0.02

D(18) 0.76(2) 0. 44(1) 1.05(1) 0.02

D(19) 0.62(2) 0. 39(1) 0.95(1) 0.02

D(20) 0.78(2) 0. 46(1) 0.92(1) 0.02

D(21) 0.62(2) 0. 08(1) 0.82(1) 0.02

D(22) 0.51(2) 0. 05(1) 0.88(1) 0.02

D(23) 0.63(2) {0. 02(1) 0.84(1) 0.02

D(24) 0.73(2) 0. 11(1) 0.93(1) 0.02

D(25) 1.08(2) 0. 78(1) 0.80(1) 0.02

D(26) 1.00(2) 0. 64(1) 0.74(1) 0.02

D(27) 1.02(2) 0. 70(1) 0.65(1) 0.02

D(28) 0.86(2) 0. 73(1) 0.73(1) 0.02

D(29) 0.60(2) 0. 85(1) 0.44(1) 0.02

D(30) 0.65(2) 0. 79(1) 0.52(1) 0.02

D(31) 0.63(2) 0. 75(1) 0.40(1) 0.02

D(32) 0.77(2) 0. 81(1) 0.43(1) 0.02
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T ABLE I II

Selected bond lengths in ¡A (a) and bond angles in degrees
(b) at 145 K .

(a) Bond lengths

Se(1){O (1) 1.653(5) Se(4){O (13) 1.606(6)

Se(1){O (2) 1.720(4) Se(4){O (14) 1.568(4)

Se(1){O (3) 1.638(6) Se(4){O (15) 1.648(6)

Se(1){O (4) 1.617(5) Se(4){O (16) 1.658(6)

Se(2){O (5) 1.592(7) Se(5){O (17) 1.634(6)

Se(2){O (6) 1.642(6) Se(5){O (18) 1.594(5)

Se(2) À O(7) 1.745(4) Se(5){O (19) 1.707(4)

Se(2){O (8) 1.656(5) Se(5){O (20) 1.614(5)

Se(3){O (9) 1.647(5) Se(6){O (21) 1.620(5)

Se(3){O (10) 1.582(7) Se(6){O (22) 1.646(7)

Se(3){O (11) 1.649(5) Se(6){O (23) 1.583(7)

Se(3) À O(12) 1.760(4) Se(6){O (24) 1.685(4)

O(1){O (2) 2.845(6) O (13){O (14) 2.499(6)

O(1){O (3) 2.659(7) O (13){O (15) 2.643(8)

O(1){O (4) 2.691(8) O (13){O (16) 2.655(9)

O(2){O (3) 2.673(8) O (14){O (15) 2.749(7)

O(2){O (4) 2.709(7) O (14){O (16) 2.666(6)

O(3){O (4) 2.651(9) O (15){O (16) 2.647(9)

O(5){O (6) 2.741(9) O (17){O (18) 2.700(8)

O(5){O (7) 2.607(8) O (17){O (19) 2.629(8)

O(5){O (8) 2.734(8) O (17){O (20) 2.686(8)

O(6){O (7) 2.713(6) O (18){O (19) 2.706(6)

O(6){O (8) 2.652(7) O (18){O (20) 2.688(7)

O(7){O (8) 2.782(6) O (19){O (20) 2.600(5)

O(9){O (10) 2.734(9) O (21){O (22) 2.657(8)

O(9){O (11) 2.664(7) O (21){O (23) 2.703(9)

O(9){O (12) 2.764(6) O (21){O (24) 2.650(6)

O(10){O (11) 2.733(9) O (22){O (23) 2.746(10)

O(10){O (12) 2.653(9) O (22){O (24) 2.550(8)

O(11){O (12) 2.679(6) O (23){O (24) 2.654(7)
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T ABLE II I (cont. )

(a) Bond lengths

O(3){O (24) 2. 585(9) O(12){O (15) 2. 517(9)

O(3){D(O 3) 1. 88(15) O(12){D(O 1) 1. 23(15)

D(O 3){O (24) 0. 71(15) D(O 1){O (15) 1. 32(15)

O(4){O (7) 2. 575(9) O(16){O (19) 2. 576(9)

O(4){D(O 2) 1. 47(15) O(16) À D(O 4) 1. 98(15)

D(O 2){O (7) 1. 11(14) D(O 4){O (19) 0. 60(15)

(b) Bond angles

O(1){Se(1){O (2) 115. 0(3) O(13){Se (4) À O (14) 103. 9(3)

O(1){Se(1){O (3) 107. 8(3) O(13){Se(4){O (15) 108. 6(3)

O(1){Se(1){O (4) 110. 7(2) O(13){Se(4){O (16) 108. 9(3)

O(2){Se(1){O (3) 105. 5(3) O(14){Se(4){O (15) 117. 4(3)

O(2){Se(1){O (4) 108. 5(3) O(14){Se (4) À O (16) 111. 4(3)

O(3){Se(1){O (4) 109. 1(3) O(15){Se(4){O (16) 106. 4(3)

O(5){Se(2){O (6) 115. 9(3) O(17){Se(5){O (18) 113. 5(3)

O(5){Se(2){O (7) 102. 7(2) O(17){Se(5){O (19) 103. 8(2)

O(5){Se(2){O (8) 114. 7(3) O(17){Se (5) À O (20) 111. 6(3)

O(6){Se(2){O (7) 106. 4(2) O(18){Se(5){O (19) 110. 1(2)

O(6){Se(2){O (8) 107. 1(3) O(18){Se(5){O (20) 113. 9(2)

O(7){Se(2){O (8) 109. 7(2) O(19){Se(5){O (20) 103. 0(2)

O(9){Se(3){O (10) 115. 7(3) O(21){Se (6) À O (22) 108. 9(3)

O(9){Se(3){O (11) 107. 8(3) O(21){Se(6){O (23) 115. 0(3)

O(9){Se(3){O (12) 108. 4(3) O(21){Se(6){O (24) 106. 5(2)

O(10){Se(3){O (11) 115. 5(3) O(22){Se(6){O (23) 116. 5(4)

O(10){Se(3){O (12) 105. 0(3) O(22){Se(6){O (24) 99.9(2)

O(11){Se(3){O (12) 103. 5(2) O(23){Se(6){O (24) 108. 5(3)

O(3){D(O 3){O (24) 173(11) O(12){D(O 1){O (15) 160(9)

O(4){D (02) À O(7) 171(10) O(16){D(O 4){O (19) 171(13)

Fi gure 2 shows a perspect ive vi ew of the crysta l structure of (ND 4) 4 D2 ( SeO4 ) 3

at 145 K. The observed structure is cl ose to the previ ousl y reported structures at
room tem perature of the proto n and deutera ted com pounds, and at low tempera-
ture of the proto n compound [1, 8, 10].

A com pari son of the obta ined Se{O bond lengths at 145 K wi th tho se ob-
ta ined at room tem perature for the deutera ted compound is given as fol lows. The
Se(2)O 4 and Se(3)O 4 tetra hedra in the room -tem perature phase are slightl y di s-
to rted from the regular ones, and the Se(1)O 4 tetra hedro n is nearly regular. On
the other hand, al l SeO4 tetra hedra in the low-tem perature phase are devi ated
from the regular ones. The devi ati ons at 145 K are larger tha n tho se at room
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Fig. 2. Persp ective view of the (N D 4 ) 4 D 2 (SeO 4 ) 3 crystal structure at 145 K with 70%

probabil i ty- displ acemen t thermal ellip soids.

Fig. 3. Pro jection on the plane along the direction p erp endicu lar to the O(1){O (4) and

O (2){O (3) bonds for the Se(1)O 4 tetrahedron at room temp erature. T he solid lines show

the Se(1)O 4 tetrahedra at room temp erature, and the dashed lines show the (a) Se(1)O 4

and (b) Se(4)O 4 tetrahedra at 145 K . The diagonal lines indicate the lines from the

p osition of the Se atom to those of the O atom. T he angles of the deviation of the O(1)

and O (13) atoms from the Se{O (1) direction of the room- temp erature phase are about

3
£ and 6 , resp ectively .

tem perature. The avera ged O O hydro gen bond distance at 145 K is 2.563(9) ¡A
and is almost equal to tha t (2 .567(7) ¡A) at room tem perature.
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In the low- tem perature phase, the averaged shifts of the Se ato m from the
center of the O4 tetra hedron along the a -, b- , and c -axes are found to be about
0.04, { 0.01, and 0.01 ¡A for the deutera ted compound, respecti vel y. The shift for
the proto n com pound along the c -axi s is about { 0.01 ¡A and along the other axes
i t is almost equal to the m agni tude of the error of the atom ic positi ons [10].
Theref ore, the shift of the Se ato m from the center is larger in the deutera ted
compound tha n in the pro to n com pound. A schemati c drawi ng of the Se(1)O 4

and Se(4)O 4 tetra hedra for the deutera ted com pound at room tem perature and
at 145 K is shown in Fi g. 3, as vi ewed along the di recti on whi ch is alm ost perpen-
di cular to the tw o m utua lly perpendicul ar bonds of O(1 ){ O(4) and O(2 ){ O(3) of
the Se(1)O 4 tetra hedron at room tem perature. The two tetra hedra , Se(1)O 4 and
Se(4)O 4 , of the low- temperature phase corresp ond to the Se(1)O 4 tetra hedron of
the room -tem perature phase. The angles of the devi ati on of the O(1 ) and O(1 3)
ato m s from the Se{O(1 ) di recti on of the ro om-temperature phase are observed to
be about 3 £ and 6 £ , respecti vely. One of the obta ined angles is equal to tha t of
the proto n com pound at 141 K. Theref ore, it impl ies tha t the O(13) ato m of the
Se(4)O 4 tetra hedron is signi Ùcantl y shif ted duri ng the phase tra nsiti on, sim i larl y
to tha t of the proto n com pound [9, 10].

On the basis of m any accurate data on the crysta l structure s and related
pro perti es of hydro gen-bonded crysta ls (O{ H{ O bond crysta ls), Ichi kawa pointed
out tha t a large shift of the phase tra nsiti on tem perature (70 K to 100 K reported)
on deutera ti on occurred when the hydro gen bond is symm etri c wi th the bond
length in the range of about 2.5 to 2.6 ¡A in the hi gh-tem perature phase [12{ 14].
He also showed tha t the shi ft o f the phase tra nsiti on tem perature is about 10 K or
lessas the sym metri c hydro gen bond length is around 2.44 ¡A or the hydro gen bond
is asymm etri c wi th bond di stance in the range of 2.5 to 2.6 ¡A. It has been reported
tha t the O{ H{ O hydro gen bonds of (NH 4 )4 H2 (SeO4 ) 3 in the room-temperature
phase are asymm etri c, and the bond lengths are between 2.546(4) and 2.554(4) ¡A
[1]. The expa nsions of the O . . . O hydro gen bonds at room tem perature by the
deutera ti on are about 0.02 ¡A [1], and the shi ft of the tra nsiti on tem perature is
not observed in the D SC charts. Theref ore, i t is clearl y seen tha t an isoto pe e˜ect
on the hydro gen bond of (NH 4 ) 4H 2( SeO4 ) 3 fol lows the Ichi kawa condi ti on whi ch
concerns the smal l shift of the tra nsiti on temperature.

The origin of the smal l shift of the tra nsiti on temperature for the asym m et-
ri c O{ H{ O hydro gen bond has not been given by Ichi kawa. In the pro to n and
deutera ted com pounds in the ro om- and low- tem perature phases, the bond di s-
ta nce between the Se ato m and the O atom ended wi th the O . . . O hydro gen bonds
is longer tha n the other di stances in the SeO4 tetra hedra except the Se(1)O 4 tetra -
hedro n whi ch has tw o hydro gen bonds connected [1, 10]. The averaged m agni tudes
(about 0.10 ¡A) of the di ˜erence between the longest di stance and the others in the
pro to n com pound are alm ost the same as tho se found in the deutera ted com pound.
These resul ts indi cate tha t there exists a greater bondi ng streng th between the O
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ato m s whi ch are connected by the hydro gen bonds, but the bondi ng strength is
not a˜ected by the substi tuti on of deuteri um in spite of the fact tha t the expansion
of the hydro gen bonds at room tem perature is about 0.02 ¡A [1].

Thi s is also found in the Na 3 H(SO 4 ) 2 and Na 3 D (SO 4 )2 crysta l structures
whi ch conta in very short asym metri c hydro gen bonds (about 2.43 ¡A) [15{ 18].
Ho wever, the averaged m agnitude (about 0.05 ¡A) of the di ˜erence between the
longest distance and the others in the SO 4 tetra hedron of the Na 3 H(SO 4 ) 2 and
Na 3 D (SO 4 )2 crysta ls is hal f of the m agnitude (about 0.10 ¡A) in the
(NH 4 )4 H2 ( SeO4 ) 3 and (ND 4) 4 D2 (SeO4 )3 crysta ls. Thi s indi cates tha t the bondi ng
streng th in the Na3 H(SO 4 )2 and Na 3 D (SO 4 )2 crysta ls is much weaker tha n tha t
in the (NH 4) 4 H2 (SeO4 ) 3 and (ND 4) 4D 2 (SeO4) 3 crysta ls. The shif t of the tra nsi-
ti on tem perature is 17 K upwa rd for the Na3 H(SO 4 ) 2 crysta l on the substi tuti on
wi th deuteri um . But no shift of the tra nsiti on tem perature is observed for the
(NH 4 )4 H2 (SeO4 ) 3 crysta l in the present studi es. Theref ore, i t impli es tha t the
shi ft of the tra nsiti on tem perature by the substi tuti on of deuteri um in the hydro -
gen bonds is stro ngly a˜ected by the m agnitude of the bondi ng strength. Thus
we suggest tha t there is a stro ng connecti on between the shi ft of the tra nsi ti on
tem perature and the bondi ng strength of the asym m etri c O{ H{ O hydro gen bonds
as suggested for the (NH 4 ) 4 H2 (SeO4 )3 and Na 3 H(SO 4 ) 2 crysta ls. However, i t is
necessary to investigate more compounds whi ch incl ude the asymm etri c O{ H{ O
hydro gen bond to get a general conclusi on.
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