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Protonic inter-H-bond motion and ionic conductivity in hydrogen-bonded proton glasses
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Low-frequency dynamics of the hydrogen-bonded proton glags RNH,),H,AsO, and its deuterated form
has been investigated by measuring the decay of the NMR transverse nuclear-spin magnetiz#ftin of
nuclei in a spatially inhomogeneous electric-field gradiéHtline shape andH two-dimensional exchange
NMR techniques. A large difference in the time scales of the decay of Hahn echo and Carr-Purcell echo train
was observed between room temperature and 10 K. The Hahn echo decay curves showed an exponential decay
with the exponent proportional to the cube of time that is characteristic for random stochastic atomic motions.
The proton NMR spectrum demonstrates the presence of mobile protons which produce a motionally narrowed
absorption line above 220 K. Two-dimensional exchange NMR experiment on the deuterated glass demon-
strated the existence of slow thermally activated deuteron hopping between different hydrogen bonds, the
process that represents the ionic conductivity. The same effects were observed also in several pure compounds
of the KH,PQ, family. The observed low-frequency dynamics is not a peculiarity of the proton glass phase but
represents the protonic inter-H-bond motion and ionic conductivity that is a common feature of $ROKH
family. [S0163-182€29)02705-9

I. INTRODUCTION represent basic reversible two-position electric dipoles. The
dipoles orient randomly between the two possible orienta-
In the physics of glasses a lot of effort has been made ttions according to the dominating local ferroelectric or anti-
understand the nature of the glassy phase from the thermderroelectric forces at a particular lattice site. It has been
dynamic point of view. The question is whether the glassyconjectured that the dynamics of the proton glass phase is
phase represents a new kind of an equilibrium thermodydetermined predominantly by the proton motion between the
namic state or the tremendous slowing down of the structurdwo equilibrium sites of the H-bond double-well poterttial
rearrangement times in glasses is just a kinetic phenomendihe proton intra-H-bond motign This intrabond motion
and the observed freezing is due to the finite observatioslows down on cooling and gradually freezes out, yielding a
time of the experimental measurement techniques. From thefatic frozen disorder of the H-bond electric dipole moments
experimental side this question still remains open. The mai@t low temperatures in the classical modeéglecting tun-
reason is the fact that the glassy structures are characterizeeling effects. The H-bond double potentials are considered
by a broad spectrum of correlation times for molecular moto be asymmetric with the asymmetridsdistributed by a
tions, which cover the range from extremely short times ugsymmetric distribution functiom(A) centered aA=0. It is
to the age of the universe. In an experimental observation afonsidered that the gradual freeze-out of the proton intra-
the glassy structures one encounters a problem that the obond motion in proton glasses is a consequence of the dis-
servation time of a given experimental measurement techifibution of the H-bond potential asymmetries which in turn
nique is finite, i.e., the observations are inevitably madanduces a distribution of the proton intrabond transfer times
within a finite frequency interval, usually much narrower 7. The broad distribution of the autocorrelation timesin
than the spectrum of the correlation times. The measurefroton glasses is thus attributed to a single proton degree of
physical parameters thus in principle do not represent redfeedom, namely to the proton intra-H-bond motion in asym-
thermodynamic gquantities but generally observation-timemetric double-well potentials with distributed asymmetries.
dependent quantities due to the fact that the investigated syFhis conclusion is supported by tféRb NMR spin-lattice
tem cannot visit the whole phase space within the spectraelaxation datain protonated RgsqNH,)o sH,PO, (RADP-
scopic observation time. Under such conditions the answer t60) and deuterated RRBgND,)o.4D-PO, (DRADP-44)
the question on the thermodynamic nature of the glassywhere it was shown that th8’Rb spin-lattice relaxation
phase remains in principle ambiguous. Knowledge of thanechanism originates from the proton and deuteron intra-
shape and width of the excitation spectrum is, on the othebond motion. A large isotope effect was observed on deu-
hand, essential for understanding the physics of glasses. teration that shifted th&’Rb relaxation time minimum from
Among various kinds of glassy structures proton glasses 25 K in the protonated RADP-50 to 85 K in the deuterated
represent one of the simplest and most studied exampleBRADP-44 due to the slower O-DO intrabond dynamics.
Proton glass phase forms in solid hydrogen-bondedhe temperature dependence of tH&b relaxation rates
ferroelectric-antiferroelectric mixtures(e.g., in RR_,  showed an Arrhenius character at temperatures above 50 K
(NHy),H,PO, abbreviated as RADR) where the H bonds in DRADP-44 and above 25 K in RADP-50, whereas below
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a deviation from the classical thermally activated behavioreffects were detected also in the pure compounds RDA,
was observed due to tunneling effects. An attempt to fit théADA, and KDP, showing that this phenomenon is not a pe-
temperature dependence of the relaxation rates within theuliarity of the proton glass phase but a common feature of
Arrhenius regime with a distribution of intrabond autocorre-the KDP family.

lation times however yielded a surprising result that the data

could be well reproduced by a narrow distribution or, to a Il. ¥Rb SPIN ECHO DECAY IN AN

good approximation, even without it. This is in contrast to INHOMOGENEOUS EFG

the dielectric relaxation data of DRADPwhere a broad
distribution of the relaxation frequencies was obsefvied It has been demonstrated recently that the NMR decay of

. the transverse nuclear-spin magnetizatiohand the 2D ex-

&brhange NMR techniqd® provide a very sensitive method

the high—frequency edge of the diStribqu” obeyed_ thef r detecting random stochastidiffusive) motion of reso-
Arrhenius law whereas they showed a divergent behavior o ant nuclei of spin>1/2 which move in a spatially inho-

the Vogel-Fulcher type at the low-frequency edge. The hlghi”nogeneous EFG. The diffusive motions can be detected on a
frequency part of the relaxation spectrum could be rathe

. . . ) . | mall fraction of a nanometer. Th ial inho-
unambiguously associated with the intra-H-bond motion bygcaeass all as a fraction of a nanomete € spatia 0

> o . X mogeneity of the EFG in glasses is a consequence of the
comparing the activation energies of the NMR and d'e'eaf' opological disorder that destroys the translational periodic-

(haX€ver\|/mremtSil.l r']rhtewlol\llv—frzgqlrjetnq(; Fl)tairt O\]:iotlhﬁt fﬁetczaun:ji's_ity of the EFG at otherwise equivalent lattice sites. As a
OWEVET, S ot well- understood. 1t 1S evide atthe dis result, the NMR absorption lines become strongly inhomo-

tribution of the proton intrabond transfer times is not broad eneously broadened, reflecting the fact that the quadruple-

enough to account solely for the observed broad d'smbuuo'gerturbed nuclear resonance frequency depends on space;

of the autocorrelation times. There exist obviously other pro—w:w(r). The NMR spin echo attenuation factax(27)

tonic degrees of freedom involved in the low-frequency dy-_ M. (27)IM , (0) of the transverse nuclear spin magnetiza-
namics of these systems, which were not observed in th{aI N +

NMR spin-lattice relaxation experiment, apparently due to on Mb+ n adt\;vg-pulse experiment with the pulse separation
their slowness. One possibility is the “Takagi” HR@nd 71s obtaine
H3PQ, intrinsic defect diffusion that is again connected to e
the proton intrabond motion. It represents a correlated mo- A(27)=exp{—27/T2}exp[ —-D(Vw)? 3 } 1)
tion of protons in four hydrogen bonds attached to a given
PO, tetrahedron. The HPQand HPO, defects represent a The quantityVw is the gradient of the EF@he gradient of
kind of renormalized particle with a larger effective mass soa gradient and D is the diffusion constant. The spin-spin
that their dynamics is expected to be considerably slowerelaxation timeT, includes all degrees of freedom other than
from the proton intrabond dynamics in uncoupled bonds. Andiffusion that contribute to the spin-spin relaxation. The
other possibility is the hopping of protons between differentcharacteristic feature of the diffusion damping term is its
H bonds, which represents atomic self-diffusion in spacedependence on the cube of time.
giving rise to ionic conductivity. This process has been given In structures with nonrandom crystalline order it is in
little attention so far in the study of the proton glass phasemany cases possible to derive an analytical expression for
dynamics. Bulk ionic conductivity has, however, been al-the frequency-space relaties(r), so that the gradiefw is
ready observed in RADP-5®Ref. 7) as well as in some pure known and the diffusion constat can be extracted from
compounds of the KWPO, (KDP) family.® Eg. (1). In solids with glassy structure the frequency-space
In this paper we presefftRb, H, and?H NMR studies relation can unfortunately not be derived due to the random
of the slow moations in proton glasses RR(NH,),H,AsO, character of the disorder so thBt cannot be determined.
(RADA-x) and their deuterated analogues which were so fafne can however still determine the product of the diffusion
neglected in the dynamics of these systems. We demonstratenstant with the square of the frequency grad2(V »)?
that®Rb NMR spin-echo decay curves show an exponentia(a kind of a renormalized diffusion constanfor the RADP
decay with the exponent proportional to the cube of timestructure the gradient can be assumed to be similar irXthe
which is characteristic for diffusive motions in a spatially and Y crystalline directions due to the fact that the proton
inhomogeneous electric field gradief@FG). The diffusive  interbond motion takes place within the plar§ZrY)H-bond
character of the motion is also manifested in the fact that theetwork of tetragonal symmetry. In o8fRb spin echo ex-
cubic decay could be eliminated in a Carr-Purcell sequenceyeriment the diffusion of protons is observed via the trans-
where the spin echo train showed a much longer exponentialerse magnetization decay of tR&b nuclei, which are rig-
decay with the exponent depending linearly on time. Thddly bound to the lattice, but the EFG fluctuations at their
two-dimensional2D) exchange NMR experiment on deuter- sites are produced by the proton motion. Since the Rb nuclei
ons demonstrated that the detected motions correspond &re ionically bound, they see a large number of protons
spatial jumps of deuterons between different hydrogen bondwithin a given coherence volume.
(the deuteron inter-H-bond exchangeepresenting the ionic An important feature of the diffusion-induced damping is
conductivity. The frequencies of the interbond jumps werethe fact that it can be eliminated by the application of a
found to be slow, varying from sub-Hz frequencies at 40 KCarr-Purcell(CP) train yielding the exp—2#T,} decay only,
up to several ten kHz at room temperature. The increasethe reason being the stochastic nature of the diffusion
probability for the interbond jumps on heating is manifestedmotion!® The difference between the Hahn echo cubic and
in the appearance of a motionally narrowed line in the protorthe CP linear decays is an important critefibto discrimi-
spectrum of RADA at temperatures above 200 K. Similarnate the diffusion effects from other mechanisms producing
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a) b) d) window of the NMR transverse magnetization decay experi-
1°‘§ 10K]| 7 20K E 10K ment. Since the time scale of a typical decay is of the order
1] ] o | \ of a millisecond, the motional frequencies fall into the kHz
10j r , : 1 "o range. In order to check whether the detected slow motions
3 . 20K| T are a peculiarity of proton glasses, we performed the same
1- . - r 3 , X : experiment also in the pure ferroelectrics RDRig. 1(c)]
10 T ™ ] ] and DRDA[Fig. 1(d)]. A similar difference in the Hahn and
30K| 150K ) 2 S10K CP decays was observed. Finally we repeated the experiment
0 ! 3 N E ] . also on®K nuclei in pure ferroelectric KDA at temperatures
ER S, 2ok o ] below 40 K[Fig. 1(e)]. 3K nuclei were chosen in order to
E 11 : 860 16000 10.00 U c_heck whether spin diffusion could prpdupe the observed
< 10 ] , : T (usec) T (usec) géfference.. Dye tp a very small mggngtlc d|pqlg moment of
o) K nuclei, spin diffusion(of magnetic dipolar originshould
14 60K | 3 have a negligible effect on the Hahn echo decay in KDA.

The same Hahn-CP difference was, however, observed also
in this experiment. This difference was found to exist in all
the investigated samples regardless of their microscopic

10-; T ] o

1015 : ] ] (proton glass or ferroelectpistructure and is thus not a pe-
’ 1% 0 350 700 0 15'00 30'00 culiarity of the proton glass phase.
E ' — T (usec) T (usec)
0 300 600
T (usec) Ill. THE PROTON LINE SHAPE

FIG. 1. 8Rb NMR Hahn echdopen circlesversus Carr-Purcell ) ) i .
echo(solid circles decay curves irfa) proton glass RADA-22(b) In order to elucidate the microscopic origin of the de-
deuteron glass DRADA-28 and pure ferroelectri, protonated ~ tected slow motions we performed a proton NMR study of

RDA, and(d) deuterated DRDA at different temperatures(énthe  the protonated samples RADA-22, RDA, KDA, and ADA.
3% echo decay curves of KDA are shown. Solid lines represent thel he last sample was not included in tH&b CP-Hahn echo
fits with Eq.(1) for Hahn echo decays and with tiig term only for  difference experiments as it does not contain rubidium. The
the Carr-Purcell decays. 'H line shape experiment was chosen as the frequency ob-
servation window of this technique falls into the kHz range,
nonmonoexponential echo decays. It was shdwhat the 5o that the detected slow motions should affect the proton
Hahn echo decay curves of quadrupolar nuclei of nonintegefne shape. The shape and width of thé NMR spectrum
spin exhibit a Gaussiam? decay in the presence of static 4¢ predominantly determined by the proton-proton magnetic
dipole-dipole coupling among the spins, when measured 0B e interaction. This interaction depends on the argjle

fche central transition. Exp_er?mer?tally the Gaussian (jecay Cetween the direction of the external magnetic field and
in many cases not be distinguished from the cubic decay,

However, unlike the diffusive decay, the dipolarly inducedtfg sg;téalP\:if;?]zcj(zgggntﬁat\’v&Jgterrigt:é% Fr);g;%r;]sma;v-l
72 decay cannot be eliminated by a CP sequence. ' y P

The Hahn-echo and CP-echo decays were measured ine(,g‘aging of this interaction resulting in a nzirrowing of the
variety of samples; by’Rb NMR in the protonated glass spectrum. The temperature de_pen_dence of_ tHles_pectrum
RADA-22, the deuterated glass DRADA-28, the pure ferro-Of the proton glass RADA-22 is displayed in Figa2 At
electrics RDA and DRDA as well as b¥K NMR in the T=80K the spectrum shows a featureless broad shape ex-
pure ferroelectric KHAsO, (KDA). The results are summa- tending over 30 kH;. It represents the “rigid I_attice” proton
rized in Fig. 1. Figure () shows the’Rb (central transi- Spectrum. On heating a narrow component in the center of
tion) spin-echo decay curves of RADA-22 in the whole in- the spectrum appears &t=225K and increases in intensity
vestigated temperature range from 10—273 K. A remarkabléowards higher temperatures. This line represents the mo-
difference between the Hahn and CP decays is observed. Thienally narrowed part of the spectrum and arises from mo-
CP decays are longer and appear as straight lines on thile protons whose motional frequencies are higher than the
logarithmic scale, indicating that the decay is monoexponenrigid lattice spectrum width. From this condition we can es-
tial with the exponent linear in the time variable. They thustimate the order of magnitude of the motional frequencies to
represent the pur&, decay and the solid lines in Fig(é8d  be in the kHz range in the temperature interval between 225
represent the fits with th@, term only. The Hahn echo K and room temperature. The increase of intensity of the
decay curves are much shorter and do not yield straight linesiotionally narrowed part on heating demonstrates that the
in the log plot. They can be well reproduced by ED. with process is thermally activated. The fact that only a part of the
the dominating diffusion term which has the exponent proproton spectrum is motionally narrowed demonstrates that
portional to the cube of time. The same difference betweemot all of the protons participate in this dynamic process and
the Hahn echo and CP decays was observed also in the dethhe number of mobile protons increases with increasing tem-
terated glass DRADA-28Fig. 1(b)]. The above results dem- perature. In the RADA-22 sample there are two kinds of
onstrate the existence of slow random stochastic atomic madifferent chemically bound protons—the acid O-# and
tions, the frequencies of which fall into the observationthe ammonium NH protons. In order to understand their
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trum whereas the O-I>O deuterons yield two outer pairs of
satellites. These two pairs correspond to the so ca{laad

Y deuterons, referring to the H-bonded chains of the AsO
tetrahedra propagating along the crystallamgX) or b (Y)
directions. In the 2D exchange spectrum the deuteron reso-
nance lines corresponding to lattice sites with different reso-
nance frequencies are located at the diagonal of éhed,)
plane. The deuteron motion between these sites is detected
by the appearance of peaks at the cross positions of the two
lines between which the exchange is taking place. The deu-
teron exchange is monitored coherently during the “mixing

210K period” () of the 2D exchange experiment. Rgy, short
225K compared to the deuteron jump timg,.,the cross peaks are
L1 absent, whereas fot;;> 7o, the cross peak intensity
20 O(k,fg reaches a saturated value.
2 The deuteron 2D exchange NMR experiment was per-
9 formed in DRADA-32 at temperatures 40 and 293 K. The
80K 80K 290K orientation was chosen such that the outer pair of the
O-D---0O lines corresponded to thédeuterons and the inner
| . e pair to theX deuterongFig. 3. At 40 K the ND, lines are
20 0 20 20 0 20 -20 0 20 too broad to be detected whereas they are observed at 293 K.
v-v, (kHz) v-v, (kHz) v-v, (kHz) The same experimental conditions were used at both tem-

peratures except for the mixing time which was takgp

FIG. 2. Temperature dependence of the proton NMR spectrum=5 s at 40 K and,,=0.4s at 293 K. At 40 KFig. 3a)]
in (a) proton glass RADA-22(b) ferroelectric RDA,(c) antiferro-  each of the O-D-O lines shows additional splittinghe so-
electric ADA, and(d) ferroelectric KDA. calledX. andY. splittings. This is due to the fact that each

of the X andY H-bonded AsQ chains consists of two kinds

respective role in the detected slow motion, we repeated thef H bonds making an angle0.5° with the crystallinga,b)
4 line shape experiment on the pure ferroelectric RDA plane. The deuteron EFG tensors at the two sites of a given
which contains the acid protons only. We observed an almodt-bond double potential differ and yield the additional struc-
identical motional narrowing which started to show up aboveture in theX.. andY. subspectra. In Fig.(8 one observes
250 K in the paraelectric phagEig. 2(b)]. A similar narrow-  that at 40 K no cross peaks between eandY lines are
ing effect was observed also in the paraphase of the antifepresent for the given choice of,,, demonstrating the ab-
roelectric ADA above 230 KFig. 2(c)]. The same superpo- sence of theX«< Y interbond exchange on the time scale of
sition of the rigid-lattice and motionally narrowed proton the experiment. When the measurement is repeated at 293 K
spectra was observed also at room temperatimethe [Fig. 3(b)] one finds first that th&X. andY.. splittings are
paraphaseof the ferroelectric KDA[Fig. 2(d)]. The mo- averaged out by a fast deuteron intrabond motion. Single
tional narrowing of the proton spectrum thus exists in all thesharp time-averag® and Y deuteron lines are observed in-
investigated samples and is thus not a peculiarity of protostead. In addition, cross peaks between these two lines ap-
glasses. The presence of this effect in the RDA and KDApear, demonstrating the existence of ¥we'Y interbond ex-
samples that contain no ammonium protons demonstrateshange and the associated deuteron ionic conductivity. The
that it originates from the O-H-O protons. The acid frequency scale of this motion at room temperature is within
protons—or at least a part of them—undergo a motion that ishe observation window of the 2D exchange experiment,
thermally activated with frequencies increasing from sub-which is limited by the inverse mixing time;i}(:(OA s) !
kHz below about 220 K up to several kHz at room tempera-=2 5 Hz at low frequencies and by the splitting of end
ture. The fact that a part of the spectrum shows an almosf jines (27x48 kH2) at high frequencies. Motions with
complete motional narrowing indicates that the associateligher frequencies would average theand Y lines into a
protons move rather freely in space. single line at a time-average position. The frequency range
of the detected deuteroX«< Y interbond exchange is thus
consistent with the frequencies of the dynamic process which
produced the motional narrowing of the proton lines in Fig.

The proton NMR line shape experiment has demonstrated. This leads us to the final conclusion that the detected slow
that the observed slow protonic dynamics originates from thenotions corresponds to the proton and deuteron thermally
acid protons. There still remains the question which protoniénduced transfer between different H bonds. This is a kind of
degree of freedom—the intra-H-bond motion, the inter-H-a spatial diffusion and represents the microscopic mechanism
bond motion(the ionic conductivity or both—is involved in  of protonic and deuteronic ionic conductivity as a hopping
this process. An elegant spectroscopic method to answer thiggocess over well defined lattice sites. At room temperature
guestion is the 2D exchange NMR experiment onthis process involves atomic jumps with kHz frequencies.
deuterong? In the deuterated glass DRADAthe ND, and  The motion, however, persists down to much lower tempera-
the O-D--O deuterons give resolved lines in the spectrumtures where the jump frequencies are considerably slower.
The NDy deuteron lines are located at the center of the spedndeed, the 2D exchange experiment in DRADA-32 per-

IV. DEUTERON 2D EXCHANGE NMR
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FIG. 4. A 2D deuteron exchange NMR spectrum in DRADA-32
) at T=40K and an orientatiomlLH,, 2 c,Hy=45° obtained with
tmix=5 S. The cross peaks between the and X_ lines originate
\ \\ v from the deuteron intrabond motion. Weak cross peaks between the
NS N N A X. andY. lines are also observétharked by arrows demonstrat-
- ing the presence of the deuteron interboXd<Y) exchange and
the associated ionic conductivity even at this low temperature.

A\
=

S A © =-50000 experiment is set to_>=0.2Hz so that the observed mo-
i tional frequencies fall into the sub-Hz range.

V. CONCLUSIONS

=
1
w4/ 2w (Hz)

— . «é The above results demonstrate the existence of the proton
4 ~ 50000 and deuteron interbond transfer and the associated ionic con-
i d ductivity in proton glasses that enters the low-frequency dy-
‘ namics of these systems. This phenomenon was detected in a
1100000 large temperature interval from room temperature down to
: 5600 5 20000 ' temperatures far below the glass transition temperature in
wo/21 (Hz) these systemge.g., T;~90K in DRADA-32). The same

phenomenon was found to exist also in the paraphase of the
FIG. 3. (@ A 2D deuteron exchange NMR spectrum in pyre members of the KDP family so that it is not a peculiar-

DRADA-32 at T=40K and an orientationalHo, ZCHo ity of the proton glass phase. The frequency scale of the
=657 vo("H)=41.46 MHZ obtained with the mixing timewi  geyteron interbond exchange in DRADA-32 is in agreement
=5s. TheX.. deuteron lines are partially resolved, whereasYhe with that determined by Schmidt and Uehl?n'@ the pure
lines overlap at this orientation. No cross peaks betweerXtaed ferroelectric DKDP where the deuterdn-Y exchange time
Y 2“3;?( arfh t()bsergid(b)AtTS]e. fame e)Eperi;rr;Zm redpfatedl.-tm was found to beryy=0.4 s at room temerature and 15 msec
= with t ., =0.4s. is temperature thé. andY.. split- C - .
tings are avergged out by the fast (I;{D) intrabond motion ;i)eld- at 343 K. The fact that the ionic Conqut'V'tY t?kes place '.”
ing sharp time-averag¥ andY lines. The cross peaks between the the R.ADA and RADP proFon glasses 'T‘ a similar .W.ay as it
X andY lines give a direct proof for the existence of the dueterondoes in the pure KDP family memt.)er's IS not surprISIng: The'
interbond K~ Y) exchange. structure of the glass compounds is in many respects identi-

cal to the pure KDP structure and the macroscopic paraphase

] ) ) ) ) symmetry of the glass is preserved down to the lowest mea-

formed at 40 K at a slightly different orientation using the gyred temperatures. The important issue for the ionic trans-
mixing timetyx=>5 s has detected the interbond cross peakgort is the structure of the H-bond netwof stack of 2D
(Fig. 4 even at this low temperature. The cross peak intenH-honded planes, each consisting of two sets of mutually
sities are, however, very weak even for such a long miXing:)erpendicular H-bonded chajnsvhich is the same in the
time, demonstrating the very small probability of thermally pure KDP members as well as in their mixtures. The substi-
activated deuteroiX<Y jumps at such low temperatures. tutional disorder of Rb and NHons in proton glasses seems
The low-frequency limit of the observation window in this to be of marginal importance for the interbond hopping pro-
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cess. On the other hand, it plays the dominant role in théar. It includes at least one more degree of freedom—the
proton intrabondmotion due to the biasing of the H-bondproton interbond transfer, representing the ionic conductiv-
double potentials. Our results show that the proton glass dyity. This process enters the dynamics of the proton glass
namics is not determined by a single proton degree ophase in the low-frequency part of the glassy excitation spec-
freedom—the intra-H-bond motion—as widely assumed sdrum.
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