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and Zn investigated with quasielastic neutron scattering
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The hydrogen dynamics in the metalhexahydrateperchlorates with Mg, Mn, Fe, Ni, and Zn as metal
ions has been investigated with quasielastic neutron scattering. The water molecules perform
180°-flip motions on a picosecond time scale through a series of solid—solid phase transitions. In the
highest temperature phase | and the subsequent phase I, rotational barriers of tiiedly meV

are found. These values are surprisingly small in view of the low symmetry©frhblecules. The

I — Il phase transition has only very small effects on the hydrogen dynamics. At the transition into
phase Ill an increase of the rotational barriers to typic&lly- 250 meV is found. This is interpreted

as the formation of weak hydrogen bonds. In phase | 180°-flip motions provide a complete
description of the observed data. In phases Il and Ill an extension of the dynamical model toward
a stronger localization of hydrogen is required. A preference is given to a mechanism leading to a
temporary blockade of the flip motions. In phase Ill of the Fe compound, the existence of
crystallographically different sites for water molecules is inferred. 2@0 American Institute of
Physics[S0021-9606800)01632-9

I. INTRODUCTION slight changes in the water perchlorate arrangement and
dynamicsS~>1 The close structural similarities between these
The rotational dynamics of small molecular entities in substances allow for a systematic study of the effects of cat-
molecular crystals has been intensively studied over manjyn substitution on the local potentials. With its selective
years. Especially the connection between the dynamics angbnsitivity for hydrogen dynamics, quasielastic neutron scat-
phase transitions in the crystalline state stays in focus. Thor@ring (QNS) is ideally suited for this undertaking. MgHP
oughly investigated examples for the different types of mo-;nq NiHP have been investigated with QNS in the past. Ap-
tion of a uniaxial rotor in molecular crystals are the hexaam-p|ying a scattering function for 180°-reorientations ofCH
mine compounds[Me(NHz)g]X,."® They usually have groups, activation energies, =140 meV (Ref. 48 andE,
face-centered-cubic high temperature phases with rapid re-= 300 meV/(Ref. 33 were found with no apparent effect of
orientations of the orientationally disordered ammonia. ONe phase transitions— Il and Il — III. Furthermore NMR

cooling, these motions slow down and phase transitions May, dies of ZnHP and MgHP provided information about hy-
lead to low temperature phases with ordered;NH . . - ;
drogen dynamics and corresponding activation energies.

In general orientational potentials are weak due to thel_ : .
. umbling motions of the M@H,0)s complex were detectét!
high symmetry of NH. For groups of lower symmetry as . 2-76
gn sy y of NH. For group ymmetry ith E,=1000 meV for ZnHA(Ref. 49 andE,=520 meV

H,O they are expected to be considerably higher. Much les¥ 48 _ T i
work has been done on the dynamics of the correspondin@r MgHP.™ For the water flip motion in ZnHPE,=170

hexahydrate compounddle(H,0)g] X,. In this article we M€V was found? N
present a systematic study of the@ dynamics in metal- T_he temperatures repqrted for the phase transitions vary
hexahydrateperchloratésleHP). considerably with the applied experimental method. Differ-
A common feature of thesBMe(H,0)s](ClO,), com-  €nces up to 25 K are found in the literature. Known causes
pounds is a basically hexagonal arrangement of the watdpr this are effects of thermal history, hysteresis, use of dop-
and perchlorate moleculd&ig. 1).”7° The H,O molecules ants, and supercooling. In some cases the existence of a
lie in planes perpendicular to tiweaxis of the crystal! Their ~ phase transition is disputé®t*® We consider the results of
oxygen atoms form nearly perfect octahedra around the cergalorimetric methods to be most reliable. Therefore the fol-
tral metal ions. lowing discussion is based on those values. This article fo-
All six substances undergo a series of structural solid-cuses on the water ligand dynamics and thus the information
solid phase transitiongTable I), which are attributed to of noncalorimetric experiments must also be taken into ac-
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TABLE I. Phase transition temperatures for MeHP as determined from calo-
rimetric experiments.

Substance ol I — 1l 1 — v
MgHP 324 K2 325 K2be 273 Kb© 168 K
MnHP 323 K@ 247 K& 134 K¢
FeHP 337 R 247 K2 237 KI
NiHP 360 K2 361 K® 310 K¢
ZnHP 348 K' 349 k9 290 K9 226 K

“Reference 37. ‘Reference 44.
bReference 36. Reference 35.
‘Reference 50. 9Reference 51.

dReference 47.

MeHP with Me= Mg, Mn, Fe, Ni, and Zn. A short descrip-
tion of the experimental procedure is followed by a data
interpretation in two steps. At first the type of hydrogen mo-
tion is identified and subsequently the corresponding activa-
tion energies are determined. While our results are in general
agreement with previous work, some differences to earlier
QNS experiments are noted. The sixth substance out of this
series of isomorphs, CoHP, is not presented here. Details
about structure and dynamics will be given elsewtére.

o Il. EXPERIMENTAL DETAILS
FIG. 1. Schematic view of the crystal structure [dfle(H,0)s](ClO,), ) ] ]
(MeHP). The coordinates for the atoms are taken from Ref. 10. For clarity ~ The substances were obtained from Sigma-Aldrich. To

only selected atoms are shown. Mainly a layer approximately witha#4  gvoid water intake they were stored and processed under
is presented. Therefore only three of the six water moleq@¥¥) around a argon atmosphere As our original FeHP sample appeared

metal ion are depicted. For the same reason only every second @tp . . . . . .
is shown, with O1 above the layer. O1 of the remaining Cl@roups is moist, it was dried by keeping it in an extra container par-

within the layer(indicated once Two different cells are marked, a small tially filled with silica. Approximately 1 g of each sample
hexagonal and the corresponding orthorhombic pseudohexagonal cell wittvas ground and filled into aluminum containers with a>60
b= \/3a. The cell doubling is required only by the metal atom positions. For30 x 0.3 mn? slab geometry. The containers were sealed
the metal atoms on the corners of the orthorhombic zgll= —c/4 holds before removal from the argon atmosphere.
andz .=+ c/4 for those at the center. The hexagonal arrangement of water . 58,54 . .
and perchlorate is basically maintained through a series of structural phase The instruments NEA at the Ha_hn—Menner-Insutgt,
transitions. Hydrogen positions are calculated usidg_,=0.96 A,  Berlin, and IN5(Refs. 55,56 at the Institut Laue-Langevin,
ay_o-n=104°, andzo=2,=0.023 A. For the perchlorate,,~=—0.46 A, Grenoble, were used for the experiments. Unless otherwise
The dotted lines mark selected hydrogen bonds. Water molecules markgdnteq the instruments were setXe=5.1 A and a resolution
with A and B visualize the symmetric and asymmetric configuration, which . .
is discussed in Sec. Il A. of 0.09 MeV full width at half maximum(FWHM).
In a first step of data treatment the spectra of those de-
tectors, which were contaminated by Bragg reflections or
. . excessive noise were eliminated. Subsequent data reduction
count. As long as there is an obvious correspondence be- . 57 .o
was performed with the programx,”’ which includes cor-

tween the phases observed with different methods, we applly . . )
. . ections for scattering of the sample container and self-
the notation used in Table I.

. . . nuation for mple with sl metry. As a result for
Unfortunately, the information about details of the struc—atte uation for a sample with slab geometry. As a result fo

. o : . . h | h f 1
tures, especially hydrogen positions, is scarce. Starting W|t§ac sample and each temperature a set of spectra at 15

. different scattering angles was obtained from the NEAT
the hexagonal arrangement of water and perchlorate I0NS, 12 From the IN5 data 14 aroups were assembled: in case
typical unit cell parameters age~7.8 A andc~5.2 A. With ' group ’

the positions of the metal ions taken into account, the orth09f the measurements &t=6.5 A the number was reduced to

rhombic space groupmn2; with two formula units in the 6 to ensure sufficient statistics.
unit cell (Z=2) and the pseudohexagonal axis rabo |||. RESULTS AND DISCUSSION
= \/3a is assigned to the room temperature phases. Further- L .
more the metal ion arrangement is subject to a peculiar typé" Identification of the type of hydrogen motion
of threefold twinning’ Only for the room temperature phase Figure 2 shows as an example three quasielastic spectra
of ZnHP an x-ray single crystal structure refinement has beeof ZnHP obtained aff =280 K for three selected angular
published'® Several observations obtained with a variety ofgroups marked by the corresponding values of wave vector
experimental methods were explained in terms of crystallotransferQ. A first inspection showed that an adequate ana-
graphically inequivalent sites for the water molecules. Thdytical description is rather simple. Only the data of FeHP at
conclusions concerning space group and unit cell are stillT=237 K andT=243 K require a different treatment and
controversial. are discussed separately. For one sample at a given tempera-
In the following sections we present our results onture alln spectra can be described by
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] ) ) FIG. 3. The observed EISF of FeHP in phase Ill and of ZnHP in phases |,
FIG. 2. Quasielastic scattering from ZnHP&&280 K. Three out of 15 |, and IIl are shown. The data of FeHP in phase | and II, as well as those of
spectra ar(flShOW”- The “nf‘ﬁ were calculated using(BqFor clarity the  MgHP, MnHP, and NiHP very closely resemble those of ZnHP in the cor-
Q=0.94 At andQ=1.50 A"* data are shown in an offset. responding phases. FQ<1.0 A~ multiple scattering diminishes the ob-

served values. Also four model calculations are presented. T@eli80°-
flip motion provides the best agreement with the ZnHP dat&-aB55 K
andT=302 K. This motion also describes the FeHP phase Il data, if only
I ) =Ag0(w)+ A, L(w,)+B.. 1 1/3 of the water molecules contribute on a time scale accessible with the
(Qn, @) =Aond(@) +AynL )+ Ba @ instrumental setup.
The different values of) are marked with the inder, 7w

denotes the energy transfer. The components of the spectra

are an elastic contributioniew=0), a quasielastic contribu- NMR experiments(ZnHP**° MgHP),*® as these motions
tion with the shape of a Lorentzianl(w,I') with  are far too slow to be detected by QNS with our experimen-
Q-independent half width at half maximugHWHM) I, tal setup.

centered athw=0, andB,, a flat background attributed to (i) The dashed line is calculated for a water molecule
phonon scatteringl(Q,,w) is convoluted with the instru- performing a diffusive rotational motion about its symmetry
mental resolution and the coefficierRg,, A;,, By, andl’  axis. This leads to a continuous density distribution on a
are determined by a least squares procedure. An example gficle and would be a signature of orientational disorder. A

the thus calculated intensityQ, , w) is also shown in Fig. 2. model which reduces this hydrogen distribution on a circle to
The observed elastic incoherent structure factofour sites placed at equal distances on this cir6le.,

(EISP),>**%is determined via 90°-jumps, produces nearly the same EISF. The difference
A to the EISF of the 180°-reorientations becomes visible at

EISRQ,)= —on larger values of momentum transi@r Although this differ-
AontAin ence is not large, the data clearly favor the 180°-flip model.

It contains the averaged information about the time averaged Deviations of the observed EISF from the calculation

probability density distribution of the individual hydrogen originate from thre_e sources
atoms. Figure 3 shows the observed EISF for ZnHP and (i) due to multiple scattering, at smaQ the observed
FeHP. Also the calculation for a hydrogen jump between tWOvaIU(_a_s are smaller than Cal?”'fﬂed' . .
equivalent sitesl=1.52 A apart(i.e., 180°-flips of the HO . (||) In some cases a _S|gn|f|cant increase qf the elastic
molecules about their twofold symmetry a8 mteljsny is observed for discrete vaIues_ngfThls is dge to
the incomplete removal of Bragg reflections in the first step
sin(Qd) of data reduction.
EISHQ)=5+ “20d (2 (i) With decreasing temperature, the observed values
become larger than the calculation @=1.1 A~1. This is
is presented. The general agreement between measuremantindication, that the 180°-flip model requires slight modi-
and calculation is very good. In Fig. 3 two further calcula- fications which reduce the averaged available space of a hy-
tions for the EISF are shown drogen atom. A similar tendency was observed in
(i) The dash-dotted line is calculated for a jump procesgNi(NH3)s](NOs), and [Mg(NH3)6](NO3),.*® The data of
between six sites placed on the vertices of a regular octahé&eHP in phase Il T=230 K, Fig. 3 show this effect in an
dron. This is a simple approximation to a tumbling motion of extreme way. Obviously the simple flip model does not fit
the whole MéH,O)g complex. Obviously motions with such here. These data are therefore discussed separately at the end
a large spatial extent are in disagreement with the data. Thei this section.
is no contradiction between our results and the reported ob- One version of a modified flip model adapts the calcu-
servation of tumbling motions of the Mid,0)s complex in  lated EISF by decreasing the jump distankc® Eqg. (2). In
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TABLE Il. Activation energiesE, for H,O-flip motions. The second row hydrogen will be observed as purely elastic. Via reorienta-

gives the ranges for the parametatenoting the deviation of the observed ; ; ; : _
EISF from Eq.(2). Only values from NEAT experiments are given, as the tion around this bond axis the other hydrOgen may find fur

values obtained from the IN5 data appeared to be biased, probably due to 1€r potential minima in ldirection of the_ tWO different O1 of
overcompensation of the sample container scattering. For MnHP the drothe stacked perchlorate ions. The coefficiestnow taken as

from f=0.04 tof =0.09 occurs betweeh= 343 K andT= 330 K, which is a measure of the time fraction each molecule spends in con-

above the |- Il transition temperatur@ =323 K given in Table I. The drop figuration B instead of A. If for simplicity it is assumed that

coincides with the transition temperatufe= 341 K obtained from changes . . . . . .

of infrared spectra. jump distances and correlation times are similar for this type
of motion and the 180°-flip motion, the fraction in tinfié a

Substance Phase | Phase i Phase Il molecule performs this additional type of motion can be cal-

MgHP E, 43 (3) meV 185(15) meV culated byf’_:_2f as onl_y one hydrogen is immobile.

f 0.01-0.02 0.06-0.07 0.12-0.19 Summarizing, the difference between the observed EISF
MnHP Ea 61 (1) meV 251(3) meVv and Eq.(2) is taken as an indication of the existence of an
Eeip Ef 0-03‘03-(7’421) %09‘0-12 017-022  jlternative motion besides the dominating 180°-flip motion.

e a me . .

; 0.01-0.03  0.08-0.17 0.67 _From thg present data alone, it is not possible to get more
NiHP Ea 65 (4) meV 290(50) meV information. _ _

f 0.00 0.04 0.08-0.14 For the data of FeHP in phase lll, a model which as-
ZnHP Ea 58 (3) meV 280(20) meV sumes two crystallographic inequivalent sites with 2/3

f 0.00-0.03  0.04-0.07 0.08-0.11

aReference 41.

provides a satisfactory descriptidRig. 3). The existence of
at least two inequivalent sites per unit cell for water mol-

ecules in FeHP phase Il is supported by crystallographic
results’ In this phase the hexagonal symmetry of the water
perchlorate arrangement no longer exists and is reduced to

Sec. llIB values as small as=1.25 A are obtained this . )
orthorhombic. Further support comes from the observation

way. In the picture of a 180°-flip motion this requires a con-

siderable distortion of the water molecule geometry withOf much S"?""er hydrogen motiond"¢-5 ueV) with thg
changes in bond length or bond angle which make this eXl_)ackscatterlng methad. These may account for the fraction
planation rather improbable which appears to be at rest in the present data. For the data

Another modification is based on the assumption, that gbtained atIN5 al'=237 K andT=243 K a slight improve-

small fractionf of the water molecules contributes to the anent tof th(_a fit 'Sd ?Ch'e\:jedl‘tr']f aT additional \fﬁ:y nfarrO\;\%
elastic scattering only. The quasielastic scattering is pro- orentzian 15 used to model the Slow process. Theretore e
duced by the remaining4f molecules. An interpretation of existence of at least two different sites for water molecules is

the increase of with decreasing temperature may be at-Obvious. Data from an EPR study were interpreted in terms
tempted in terms of inequivalent sites for the water mol-Of two coexisting phases in the temperature range 242 K

ecules. Iff molecules occupy sites with strong orientational >T>232 K* The pre;ent data C.io not allow us to distin-
potentials this results in very long correlation times. Then th(—:guISh between the two interpretations.
guasielastic scattering from these molecules cannot be distin-
guished from elastic scattering due to the finite instrumental
resolution. B. Correlation times and activation energies

The'vglues off are obtained in Sec. Il BTable I). In The next step of data analysis focuses on the extraction
phase | it is found for all substances, that all water moleculegf numerical values for correlation times~T-!. To
participate in the motionf(=0). Thus the 180°-flip model

completely suffices to describe these results. In phase Il ¢5qeq as they carry little information and are contaminated
=24~0.04 orf=1;~0.08 would require one out of 24 or ., o iple scattering. To reduce the number of independent

one out of 12 molecules not to contribute to the quasielastity; s meters the ratio of elastic and quasielastic intensities is
scattering. This is incompatible with space groBm2; g o to

andZ=2. Therefore we propose a different explanation for
the deviation of the observed EISF from Hd). Aon _ EISHQn)
Ain  1-EISKQ)’

This is obtained from a reinterpretation bf The pro-

posed standard configuration for a water molecule is sym- . . N

et an marked A . 1. Tuo yshogen boncs s 1000 ST 1o £4 Tk i secout

formed to the neighboring perchlorate ions. As the bond P 9 '

angle of H-OW-H= 104° differs from the angle 02— [(Qn,0)=S{[f+(1-)EISHQ,)]5(w)
+(1-F)(1-EISKQy)) L(w,I)}+B, (3

OW-02 = 128° between the oxygen atoms, none of the

two hydrogen bonds possesses the optimal linear arrange-

ment. In configuration A the water molecules perform theis used to determiné andf. S, is a scale factor. In six
180°-flip motion. The alternative asymmetric configuration isspectra a Bragg reflection necessitated one additional param-
marked B in Fig. 1. A 12° rotation about tlzeaxis will thus  eter.

strengthen one of the bonds, while weakening the other at the A summary of the values obtained for the paraméisr
same time. If the strengthened bond remains intact for timegiven in Table Il. Varying the jump distanakinstead off
longer than 10%° s the scattering of the corresponding gave slightly higher values of? and practically identical

achieve most reliable values, data @<0.85 A are dis-
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w0 temperature (K) oo I PeTabURS ® transition on the activation energies are taken as guidelines
' A ' ™ T in discussing the origin of the hindering potential for the
a) MgHP b) ZnHP 9 9 gp

water flip motion.
Investigations with x-ray powder diffraction have shown
that the transition I~ | is accompanied by an expansion of
the crystallographic-axis byAc~0.1 A (ZnHP}® NiHP).®
! . rrmer 1 If the twofold screw axigout-of-plane of Fig. lis retained
. ’Ml E M: Tos during this expansion, as for ZnHPthe z component of the
E. = 43 mey 3 ST L O-0 distances increases Myc/2. This should result in a
' ' significant change of the interaction between neighboring

d) NiHP
m/ jn I water molecules. Since, howevét, is basically unaffected
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~ E E i1 ] -0«2%\ by this transition, we conclude that the®-H,O interaction
S ol | i i :l i = gives only a minor contribution to the hindering potentials in
" i i g%;mev ] : ; 2;30=mev 70.4E phases I and ”
| l f i i z: Another contribution to the hindering potential may arise
Pl m=emev | g M= esmev  Jio from hydrogen bondgFig. 1). These should be weak due to
Y S T . S the rather large O—O distance of 3 A and the angle mismatch

described above. For weak hydrogen bonds 150 meV is a
FIG. 4. Arrhenius plots of the correlation timegor the H,O flip motion in typical bond energy value. For a 180° reorientation of an
MeHP with Me=Mg [Fig. 4@)], Zn [Fig. 4b)], Mn [Fig. 4c)], and Ni[Fig. . for
4(d)]. The dashed vertical lines denote the temperatures of the phase trans'ﬂzo m0|eCU|e. with two hydrqgen bonds one can ex t
tions (Table ). Data obtained on the instrument NEAT are markedtbgnd ~ — 300 mMeV, five to seven times larger than the Obsefrved
data obtained on IN5 are marked by, The size of the symbols is chosen to Values. Therefore our results only can be understood if the
present an upper limit for the estimated error of the quasielastic linewidthshydrogen bonds are extremely weak. Further support for this
The INS data on ZnHP were obtained with a resolution width FWHM ¢qnc)sion comes from the fact that the-d Il transition is
=0.045 meV. The activation energi&g are determined from the slope of . . . 12
; : associated with a change of perchlorate dynartégHP;
the continuous lines. > 8 Y 36 s ]
NiHP;=® MgHP, NiHP;* MgHP;® MnHP, FeHB.®" This

would involve breaking the hydrogen bonds and a corre-
values ofl". The parameterd andf are strongly correlated SPonding change ik, at this transition, contrary to our ob-

and cannot be determined independently, therefore. Valygrvation. . .
obtained ford are 1.25 A<d<152 A. In MgHP the Il — 1l transition was characterized by an

For the phase Il data of FeHP obtained on IN5Tat increase of the disorder involving watérThis also conflicts
with hydrogen bonding. Still a residual attraction of the par-
given. As mentioned in the preceding section, a fit with twot""lI charge of the. hydrogep at.oms by th? perphlorate lons
Lorentzians slightly improved the fit. The width of the nar- P'€Vails and thus is a contribution to the hindering potential.
row Lorentzian, which presents the slow motions, becomeé more detailed description of the water disorder is desir-

smaller than the instrumental resolution and is thereforéable' but requires_ additional struc_tu_ral information. _The ob-
poorly defined. This also effects the correlated value of th erved EISF provides some restrictions to the spatial extent
broader component of the hydrogen motions, as discussed above.

The widthsI" of the Lorentzians are inversely propor-
tional to the mean residence timebetween two HO flips.
Figure 4 presents the values of #a(vs T~ for MgHP, Our data clearly show a marked effect of the-H Il
MnHP, NiHP, and ZnHP. The comparison of values obtainedransition on the water ligand dynamics. This disagrees with
from different experimentfFigs. 4b) and 4d)] gives a good the conclusions drawn from previous QNS experiments
impression of the reproducibility of the results. A simple (MgHP*® NiHP).>®> However, upon closer inspection a

=237 K andT=243 K, no reliable correlation times can be

D. The hindering potential in phase IlI

Arrhenius behavior, change in activation energy might also be found in those
E data. The more pronounced effect in our results may be at-
=70 exp —— tributed to the advances in neutron spectroscopic instrumen-

0 kgT)’

tation. The change of water ligand dynamics at this transition
suffices to describe the data. The activation energigs is also inferred from the isotope effect of H—D substitution.
determined from the slopes of the straight lines are summan a Massbauer spectroscopy experiment with FeHP an in-
rized in Table Il. Within the data presented here, no effect ofrease of the phase transition temperat&=4 K is
the transition I— Il on E, is found. E, increases between reported:® AT=3 K was found for NiHP in a calorimetric
120 and 230 meV at the transition4b 11I. study?®
As for the 1— Il transition, the structural and dynamical
similarities of the five title compounds provide the guideline
for the discussion. While tha- andc-axes of ZnHP show a
The values of the activation energies in phases | and Imarked change at this transitiGhthis is not the case for
are remarkably small. The structural similarities of the subNiHP .28 Therefore HO—H,0 interactions can be ruled out as
stances and the absence of an observable effect of-théll  a source of the change B, . A general feature of the H-

C. The hindering potential in phase | and I
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