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Deuteron NMR and the local symmetry of the H bond in RD(SO,),
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The temperature and angular dependencies of the deuteron NMR spectraD¢5Rl), have been mea-
sured and the electric-field gradigiiFG) tensors at the deuteron sites have been determined both above and

below the antiferroelectric transition temperatiie. In contrast to thé’Rb %H—% NMR spectra no pro-

nounced deuteron line splitting has been found at This seems to show that there is a center of symmetry

at the midpoint of the O-D-O bond. The above results are compatible with the centrosymmetric space group
A2/a and a doubling of the unit-cell axes along thandc directions belowT .. The appearance of a small,

but definite, anomaly in the deuteron spin-lattice relaxaflgnat T, on the other hand suggests that the
deuteron motion between the two off-center sites in the-O@bond is connected with electric-field gradient

tensor fluctuations. The H-bond potential must be thus slightly asymmetric so that the true space §@up is

both above and belo,. The deviations fromA2/a must be, however, rather small. The H-bond asymmetry
fluctuates in space and time due to deuteron motion so that the time- and space-average crystal symmetry seen
by x rays is indeedd\2/a. [S0163-18209)04317-9

I. INTRODUCTION double-minimum potential could be symmetric only on the
space and/or time average.
RIH(SOy), and RRD(SQy), belong to theM 3H(XOy), In order to check on the local symmetry of the H bonds

(M=K, Rb, Cs andX=Se, S family of H-bonded crystals and the origin of the isotope effects in fHSO,), we de-
which shows unique isotope effects on replacing hydroges§ided to perform a deuteron NMR study of fRiSOy)..

by deuteriumt? Whereas R§D(SO,), undergoes an antifer- The nu_clear electric quadrupole interacti_qn of the deuteron
roelectric phase transition &t =82 K, RbH(SQ,), remains (I=1) is namely one of the most sensitive probes of. the
paraelectric down to the lowest temperatures wherétructure and local symmetry of O-DO bonds as shown in
measurements have been made. The structure of theBYMerous experiments in KRO,type H-bonded crystafs.

systems consists of isolated H-bonded dimeric units
[(SO,)-H:---SO,)]3~ separated by Rb ions. The length of the Il. EXPERIMENT

H-bond in RBH(SO,), at room temperature is 2.485°A  crystals were grown from aqueous solutions by the
whereas the O-D-O bond in RBD(SQy); is slightly longer.  eyaporation method and were oriented by x-ray diffractions.
According to x-ray diffractions the room-temperature Struc-p yectangular laboratory franiL b ¢ was chosen for crys-
ture of both RBH(SOy), and RRD(SOy)» is monoclinic with ¢4 rotations. The deuteron NMR spectra have been measured
the space group\2/a and four formula units per unit cell at a Larmor frequency, =58.34 MHz. The occurrence of
(Z=4). It should be noted that there are, in fact, two for-the phase transition was checked BYRb NMR at v,

mula units per primitive cell but that a unit cell wit=4 is  =124.33 MHz. The 9p- 90, quadrupolar solid echo se-
chosen for sake of convenience. This structure, which alsguence has been used.

agrees with the number of observed Rb-—3% lines in

single crystal®’Rb NMR experimenté;” implies that there Il RESULTS

exists a center of inversion symmetry at the midpoint of the '

O-D---O or O-H -0 hydrogen bonds. The protons and deu- The temperature dependence of the deuteron quadrupole

terons should be thus either statistically or dynamically disperturbed NMR frequencies in BD(SO,), at CLB,

ordered between the two potential minima in the ©-B8 2 (a@,Bg)=0° is shown in Fig. 1. Two doublet§.e., four

bonds, or alternatively, located at the center of the H bondlines) corresponding to two magnetically nonequivalent deu-
The low-temperature space group of ;RBSQ,), is not  teron sites in the unit cell are found both above and below

yet known. For RED(SeQ), at T<T.=25 K the space T.. There is no change in the multiplicity of the spectra and

group isA2 (Z=16) (Ref. § and notP2,/a as suggested no line splitting atT, in contrast to the’’Rb case where the

previously for KD(SOy),.” The A2 space group in the gen- three®Rb 3 — —3 NMR lines split on cooling below . into

eral case predicts the observation of 24 Rb lines inl2 lines at the same orientatigiig. 2). There is, however, a

Rb;D(S0Q,), and implies the absence of the center of sym-sharp increasgFig. 3@)] in the width of the deuteron lines

metry in the middle of the H bond. below T. which might indicate the presence of unresolved
Recent inelastic neutron-scattering experiments havedeuteron line splittings. The width of th&’Rb lines in

suggestelithat the H bond inVI3H(SOy),-type compounds Rb;D(SQ,),, on the other hand, is practically the same be-

is even at room temperature not really symmetric but rathelow T, as aboveTl [Fig. 3(b)]. The peak in the Rb linewidth

of the asymmetric double-minimum type. The O-D  at T, may be the result of inhomogeneous broadening be-
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cause of overlapping lines connected with the transition 0 FG. 3. (@) Temperature dependence of the deuteron NMR line-
the low-temperature phase. It should be a_lso noted that Ridths, (b) temperature dependence of tH&b 1> — 1 NMR line-
Rb;H(SOy), as well three®!’Rb 3 — — 5 NMR lines are seen iqihs
(Fig. 4) in the whole temperature interval between room tem- '
perature and 4 K. This is compatible with the space group ) .
A2/a. There is no sign of a phase transition in the protonated The temperature dependence of the deuteron spin-lattice
compound which thus seems to be isomorphous with théelaxation timeT, is shown in Fig. 6a). It increases with
high-temperature phase of ENSOy),. decreasing temperature and shows a rather small but distinct
The deuteron angular rotation patterns ingRt80;), for ~ anomalous drop al.. Below T, it again increases with
three mutually perpendicular orientations have been mezlecreasing temperature and shows signs of becoming tem-
sured at room temperature as well as just above and beloferature independent below 50 K. In contrast to the deuteron
T, and the electric-field gradienEFG), respectively, the Ti the two ®’Rb inverse spin-lattice relaxation rate¥, *
guadrupole coupling tensors have been determined. Thand ng show a very pronounced anomalous dropTat
changes in the deuteron quadrupole coupling on cooling arg-ig. 6(b)]. Here too the inverse relaxation rates increase
rather smallFig. 5). The results are collected in Tables | and below T with decreasing and tend to become temperature
Il. independent below 10 K. It should be noted that there is no

*'Rb 1/2 » -1/2 in Rb,D(S0,), NMR, v, = 124.3 MHz,
orientation &L B,, &Il B,
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FIG. 2. Temperature dependence of tf&®b 5 —3 NMR 0 50 100 150 200 250 300
lines in RBD(SQ,), atTL By, 2 (a,By)=0° between room tem- T(K)

perature and 4 K. The RB) and Ri2') sites are connected via

glide reflection and are thus chemically equivalent but magnetically FIG. 4. Temperature dependence of &b %H—% NMR

nonequivalent. The Rh) site is nonequivalent with the R® and

Rb(2') sites.

lines in RBH(SQy), atTL By, £ (a,By)=0° between room tem-
perature and 4 K.
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FIG. 5. Angular dependence of the deuteron quadrupole split- 1E-3 -— T e go;;qm-') '
ting in RyD(SQy), (a) rotation around the laboratoiy axis atT .
=300 K>T, (solid circle$ and T=72 K<T, (open circle} (b) 1000/ T (K™)

rotation around the IaboratorE axis at T=300 K>T. (solid 2 . .
circles and T=72 K<T, (open circley and (c) rotation around Fl_G' 6_' Temperature degfnde?ce(a); the. H spm-latﬂce r.e-
the laboratory¢ axis, which is perpendicular to tf& plane atT IaxatloniilmeTl f‘?d (b) the "Rb 3 —3 spin-lattice relaxation
=300 K>T, (solid circleg andT=72 K<T, (open circles ratesW, ~ andW, * in Rb;D(SQ,), .

double-minimum potential would change into a symmetric
Rb spin-lattice relaxation rate anomaly in the undeuteratedingle-minimum one.
compound where there is no structural phase transttton. According to the second model, the H-bond contraction
should have little or no role in the phase-transition mecha-
nism. The isotope effect is here due to the mass difference
IV. DISCUSSION between H and D resulting in different dynamical properties

- . . such as hydrogen tunneling or zero-point energy vibratlons.
There are two conflicting explanations of the isotope ef'The seudospin Ising model in a transverse field, in particu-
fects in RRH(SO,), and RRD(SQ,),. According to the b P 9 » NP

first—which is based on x-ray diffractiotfs—the crystal lat- lar, predicts that the phase transition is suppressed if the

tice parameters and the H-bond contract with decreasintgunne.lmg matrix element becomes larger than the pseudospin
oupling constant.

temperature. As a result of that it has been suggested that the Let us now see what are the implications of the above

double-minimum O-+-O potential in KH(SQ,); Crosses o 10100 NMR data for these two models. The first thing to

the cnnca} bond IengtrRoz..c,:_ 2.47 A "’.“0“”0' 100 K anq be discussed is the spectroscopic evidence for the proposed
changes into a symmetric single-minimum-type potential.

; : o change in the shape of the H-bond potential. The deuteron
T e e e o ool US0UpOl couping consane{iQIn) & knoun fo e
placelﬁ) P ER/ery sensitive indicator of the local symmetry and the length

In the deuterated compound, on the other hand, the g the O-H andRo.o bonds. In KRPO, where Ro.o

bond is longer and the phase transition takes place before th:ﬁ32'49 A andRo p~1.05 A the deuteron quadrupole cou-

s pling constant is €°qQ/h) p~ 120 kHz, and in triglycine sul-
O-D---O bond contracts below the critical value where thefate (TGS whereRo, o=2.44 A, €%qQ/h)p~87 kHz. In
) both of these systems the deuteron moves in a double-well
TABLE |. Deuteron quadrupole coupling _CO”Sta“ﬁz‘ﬁQ/_h)D potential. In the K-H maleate ion, on the other hand, where
and asymmetry parameterfor the two magnetically nonequivalent Ro..0=2.40 A, Rop=1.20 A and the H bond is symmetric

but chemically equivalent deuterons in JRSQy), at 300 K, 84 K, with the deuteron at the midpoint between the two oxygen,

and 72 K. the deuteron quadrupole coupling constant is much lower
- _ _ (€°qQ/h) p~56 kHz.
T=300K T=84 KT T=72 K<Te The observed magnitude of the deuteron quadrupole cou-
e2qQ/h 96 kHz 87 kHz 87 kHz pling constant, ¢2qQ/h)p~96 kHz in RBD(SQ,),, at
7 0.06 0.09 0.09 room temperature shows that the deuteron is not at the center

of the H bond or close to it. The magnitude @§Q/h)p is
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TABLE Il. Deuteron quadrupole coupling tensors componékittz) for the two magnetically nonequiva-
lent deuterons of RID(SQOy), at 300 and 84 K- T.. The EFG tensor components at 72K, are the same
as the one at 84 K. The orientation of the EFG tensor is such that the largest principad} aids/ery nearly
parallel to the O-D--O bond direction, the second principal aXlsy is normal to the plane formed by the
deuteron, the nearest oxygen and the S atom of thegB&ip to which the deuteron is bonded, and the third
axis Vyy is perpendicular t8/,, andVyy.° The fits of the angular dependencies were corrected for crystal
misalignments. Note that the quadrupolar coupling tensors are expressed in theJaﬁiqrbtoEyframe and
not in the crystal axes fixed, b, ¢ frame. The deviation of the monoclinic axis framdirection is~25°.

T=300 K qQV,,/h eQV,/h eQV,/h eQ\,,/h eQ\,,/h eQV,,/h
2H(1) —40.3 -5 45.3 —65.3 22 -17.8
2H(2) -2.7 53.1 —-50.5 4 1.1 64.9
T=84 K eQV,,/h eQV,y/h eQV/h eQVy/h eQV,/h eQV,/h
2H(1) -32 -6.7 38.7 -59.5 24.7 -17.1
2H(2) 1.1 46.1 —47.2 3.2 4.0 59.3

in between the values found in KPO, and TGS. In spite of also observed in RbBI(SO,), over the whole temperature
the relatively large temperature interval covered there is nanterval so that it indeed seems to be isomorphous with the
significant decrease in the deuteron quadrupole couplingigh-temperature phase of ESQy),.

constant on cooling. At 84 Ke?qQ/h)p~87 kHz and at For T<T. (Z=16) the A2/a space group predicts the
72 K (e?qQ/h)p is as well 87 kHz. This causes some doubtexistence of twelvé’Rb 1 — —1 NMR lines as indeed ob-

on the proposed lengthening of the O-D bond and theserved in RED(SO,), below T.. The number of pairs of
gradual shift of the deuteron towards the center of the Hjeyteron NMR lines should be eight whereas only two have
bond with decreasing temperature. The fact that the deuterqfuen gbserved. In view of the observed increase in the deu-
quadrupole coupling constant is practically the same abovg,.qy NMR linewidth belowT., it is, however, quite pos-

as well as belowT; and close to the one found at room e that we have, in fact, more than two deuteron lines but

temperature, means that the deuteron is abbyelynami- hat they are not well resolved. The occurrence of the low-
emperature space grop2,/a (Z=4) for T<T, can be

cally disordered between two distinct off-center sites an
freezes into one of these two sites beldw. definitely excluded since it predicts s’Rb 53— —3 NMR

The second problem to be discussed is the proper space .
group and the existence or nonexistence of the center of syni-' <> whergas twelve lines have b.een observed b&low
metry at the midpoint between the two oxygen in the On the first glance the NMR ewden_ce thus speaks for the
O-H---O bond. The exact space group of SKS0,), and occurrence of theA2/a space group in RID(SOy), both
Rb;H(SO,), and isomorphous compounds has been the sulPove and belowT. as indeed previously suggested for
ject of controversy for some time. Rb;D(SeQy),. This group implies the existence of the center

It should be stressed that the number of observed NMRf symmetry in the midpoint of the O-D:O bond and thus
lines can be smaller but never larger than predicted by th@lso explains the absence of a splitting of the deuteron line at
space-group symmetry. The space groBfs/a (Z=4) and T., Where the deuterons freezes out into one of the two
later A2 (Z=16) were reported? for K;D(SQ,), at T  off-center sites.
<T.. It is now generally assumed that the proper space This interpretation is, however, hard to reconcile with the
group for KD(SQ,), aboveT, is A2/a (Z=4) and below observed small but definite deuterdn anomaly atT,. If
T. A2 (Z=16). It has been also suggestethat the phase there is a center of symmetry at the midpoint of the 0-D
transition in RRD(SeQ), at T.=92 K takes place without a bond, the motion of deuterons between the two off-center
change in the space group. The proper space group would Isées should produce no fluctuation in the deuteron electric-
A2/a both above and beloW, so that the center of symme- field gradient tensor or in the Rb-deuteron dipolar coupling.
try would not be destroyed by the phase transition. Venyt should be, however, stressed that the anomaly in the deu-
recently it has been suggestethat the space group of teron spin-lattice relaxation tim&; at T in Rb;D(SQy), is
Rb;H(SeQ), is notA2/a but ratherA2. The only symmetry significantly weaker than the one in KBO,,° where the
element ofA2 is {C,,|000 so that there is no center of deuteron motion between the two off-center sites freezes out
inversion. In RBD(SQy),, on the other hand, a doubling of belowT,, similarly as in RGD(SQy),, but there is no center
the b and ¢ axes—similar to the one reported for of symmetry at the middle of the H bond. Here the deuteron
K3D(S0O,) ,—occurs belowT .. transfer from one equilibrium site of the O-DO bond to the

For T>T,. (Z=4) the A2 space group predicts two pairs other results in rotations of the two smaller principal axes for
of deuteron NMR lines and si¥’Rb 3——3 NMR lines.  *=35°, resulting in significant fluctuations in the off-diagonal
The A2/a space group, on the other hand, predicts Tor matrix elements of the electric-field gradient ten¥oFhere
>T. (Z=4) two pairs of deuteron NMR lines and three is no such rotation of the two smaller principal axes in
8Rb 3 — —3 NMR lines. This is exactly what is observed in Rb;D(SQy), if there is a center of symmetry in the middle of
Rb,D(SO,), aboveT,. Three®Rb 2— —1 NMR lines are  the H bond.
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One possible explanation of the, anomaly atT [Fig.  there is no structural evidence for such Rb displacements
6(a)] is that the proper space group of RSO;), is A2  above or aff,.
both above and below . but that the deviations from the
A2/a space-group symmetry are rather small. In this case the IV. CONCLUSIONS
H-bond potential would be slightly asymmetric as suggested From the above deuteron arfdRb NMR results we can
by the neutron inelastic-scattering dataut the asymmetry  onclude that:
could slowly fluctuate in time and space so that the time- (i) The deuteron NMR data are compatible with the deu-
average symmetry would be thatA2/a space group above teron motion in a double-minimum H-bond potential above
T.—as suggested by x-ray diffractions—and of &2 space T, and a freeze-out of this motion beldf .
group belowT.. A possible reason for the proposed asym- (ii) There is no NMR evidence of a significant change in
metry of the H-bond potential could be “self-trapping” of the shape of the O-D-O H-bond potential between room
the proton due to the distortion of the $@roup to which it  temperature and ;=82 K or even belowT.. .
is temporarily attached. In such a case the deutefgn (iii) The 8Rb and deuteron NMR spectra and in particu-
anomaly afT, would be produced by the condensation of alar the number of observetfRb lines seem to suggest that
pseudospin soft mode which would result in the freezing outhe proper space group of FSQO,), and RRH(SQOy), is
of the deuteron motion between the two off-center equilib-A2/a from room temperature dowro t4 K but that a dou-
rium sites belowT .. The deuteron motion between the two bling of the unit-cell dimensions along teandc axes takes
off-center sites would result in a rotation of the two smallerplace atT. in Rb;D(SO,), so thatZ=4 changes intaZ
principal axes of the deuteron EFG tensor by an amount 16.
determined by the distortion of the 2@roup. Since the (iv) The observed deuterah, anomaly in RRD(SQy), at
presumed distortion is small it will result in a relatively small T is, however, incompatible with th&2/a symmetry. This
fluctuation in the electric quadrupole coupling. Such adiscrepancy could be resolved if the proper space group in
change would not produce an observable splitting of the deurRb;D(SQy), is A2 both above and beloW, but the devia-
teron NMR lines afT. but could be responsible for the in- tions from A2/a are small. The double-minimum-type
crease in the linewidth and the decreasd jmat T . H-bond potential is thus slightly asymmetric—possibly due
The second explanation could be that the deutéfon to self-trapping of the deuteron—but the asymmetry may
anomaly afT is caused by a fluctuation in the Rb-deuteronvary in space and time due to deuteron motions so that the
dipolar coupling due to large critical fluctuations in the average crystal symmetry would appear toA®/a as ob-
Rb positions. The weak point of this explanation is thatserved by x-ray diffractions.
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