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Variable-Temperature 2’Al MAS NMR Spectroscopy

Morten Daugaard Andersen, Hans J. Jakobsen, and Jargen Skibsted*

Instrument Centre for Solid-State NMR Spectroscopy, Department of Chemistogrsityi of Aarhus,
DK-8000 Aarhus C, Denmark

Receied: December 18, 2001; In Final Form: April 30, 2002

The first application of variable-temperattd®&l MAS NMR spectroscopy to the satellite transitions in the
characterization of a structural phase transition is presented by an investigation of FriedelsAKD{DaCl-

2H,0) over the temperature range fronil21 to 109°C. Accurate values for th&Al quadrupole coupling
parameters(q andg) and the isotropic chemical shifts are obtained from either the manifold of spinning
sidebands for the satellite transitions or the line shape observed for the central transition. These data demonstrate
that the quadrupole coupling parameters clearly reflect the struettrdliphase transition for Friedels salt

at about 34°C, whereas the isotropic chemical shift is invariant over the studied temperature range. The
variations inCq andzq with temperature show a parabolic decreaséqmand an increase i with increasing
temperature for the. form of Friedels salt, while only a small linear decreas€gwith increasing temperature

and a temperature-independent valuerfgrare observed for thg form. The nonlinear variations @ and

1o with temperature for the. form and their relationships with changes in the structural parameters associated
with thermal expansion of the unit cell are discussed. Finally, the abrupt char@gaimiyg at the temperature

for the phase transition are investigated by point-monopole calculations 8fAhelectric-field gradient

tensor, which strongly suggest that hydrogen bonding plays an important role in the structural changes that
occur during the phase transition.

Introduction

The migration of chloride ions into concrete has an important
impact on the lifetime of reinforced concrete structures because
these ions may break down the passive filmydfe,Oz on the
steel reinforcement and cause the formation of ¥dsthis
process is associated with an increase in volume, which results
in cracking of the concrete. Chloride ions in concrete may be
present as free chloride ions in the pore water, physically
adsorbed Cl ions on the surface of the amorphous calcium
silicate-hydrate (C-S—H) gel, and ionically bonded Clions
in Friedels salt [CaAI(OH)g]Cl-2H,0.12 The formation of
Friedels salt may reduce the damaging effects of chloride ions
in concrete, because it has been proposed that its aluminum-
containing hydration products react with Gbns from the pore
water and form Friedels salt Thus, the chemical binding of
chloride ions in this phase reduces the concentration ofitCI
the pore water and Clions physically adsorbed on the-G—H
gel. Thereby, the deleterious reaction of the chloride ions with
the steel reinforcement is suppresgéd.

The structures for the two polymorphs of Friedels $lt,
illustrated in Figure 1 for thg polymorph, consist of principal  figyre 1. Perspective representation of the layered structure fqf the
layers with the composition [GAI(OH)e]".° Because of the  phase of Friedels salt based on the data from the reported single-crystal
stacking of the principal layers, the water molecule bonded to XRD structuré and shown as a projection along the [010] direction.
the seven coordinated €aions forms octahedral cavities in The plot illustrates the octahedral coordination of Al (medium filled
the interlayer8 Charge balance is achieved wher @ins are circles) to six hydroxyl groups (small filled circles for H and large

. . o : . _open circles for O) and the seven coordinatedf @ans (medium shaded
introduced into these cavities. The mechanism for the incorpora circles). The water molecules in the interlayer are bonded to the Ca

tion of CI™ ions is not well understood. However, it has been jqns thereby forming the octahedral cavities where thea@lons (large
proposed that the Clions in the pore water either enter directly  shaded circles) are located. For clarity, the hydrogens of the water
into the octahedral cavities during the formation of Friedels salt molecules are omitted.

*To whom correspondence should be addressed. Phers) 9423900, OF are incorporated by an anion-exchange mechanism in which
Fax: (+45) 86196199. E-mail: jskib@chem.au.dk. CI~ substitute for OH, resulting in a release of hydroxyl ions
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to the pore solutiod.Furthermore, it is known that Friedels salt
undergoes a phase transition at about °8 from a low-
temperaturex form (monoclinic, space group2/c)’ to a high-
temperatures phase (rhombohedral, space grdrge).8 From
the single-crystal X-ray diffraction studies of both forms, it is
apparent that the phase transition is strongly related to the CI
ions in the interlayer cavities® Other lamellar calcium alumi-
nate hydrates have charge-balancing anions such gsénd
COz% 11, which are directly bonded to the €aons in its seven
coordination sphere of the €aions in the principal layers.

J. Phys. Chem. A, Vol. 106, No. 28, 2002677

bore VT CP/MAS NMR probe for 7 mm o.d. rotors. The probe
is capable of operating in the temperature range frob%0 to
210 °C by reqgulating the temperature of the air-bearing gas
employing a home-built VT heater/controller unit based on a
CAL 3200 microprocessor as described elsewRgfiéhe low-
temperature work used pressurizeggds, which was pre-cooled
by passing through a heat exchanger in a liquiddswar. The
temperature gradient across the rotor volume is less th&) 2
and the actual sample temperature was determined &%¥iy
MAS NMR of Pb(NG;); as a NMR thermometé?, using a

Thus, the structures of these compounds are quite different fromtemperature coefficient of 0.758 ppt@/ determined in our

Friedels salt in which the Clions are situated in the interlayer
cavities.

This work presents a variable-temperature (¥Bl magic-
angle spinning (MAS) NMR study of Friedels salt over a
temperature range from121 to 109°C. The VT MAS NMR

laboratory. Slices of NaN§) packed above/below the sample
of Friedels salt in the rotor, allowed an accurate setting of the
magic angle at each temperature by minimization of the line
widths observed for thé®Na satellite transitions. AR’Al VT
MAS NMR spectra employed single-pulse excitation with a

spectra of the central and satellite transitions allow a precise pulse width of 1.Qus for a rf field strength ofyB./(27) = 42

determination of th&”Al quadrupole coupling parameteiS¢
andrg), which reflect the electric-field gradients (EFGs) at the

kHz, H decoupling withyB,/(27) = 45 kHz, a relaxation delay
of 2 s, a spinning speed of = 5.0 kHz regulated ta-1 Hz by

nuclear site and thereby the local Al environment. The results the Varian spinning-speed controller, and typically 2048 scans.
demonstrate that the variation with temperature of these 2’Al isotropic chemical shifts are in ppm relative to an external

parameters clearly reflect tle- phase transition for Friedels
salt and thatCq and 7g are much more sensitive structural
probes as compared to tR&Al isotropic chemical shift §iso).
These results may find use #Al VT MAS NMR studies to

sample of 1.0 M AIC4-6H,0. Simulations of the solid-state
27Al MAS NMR spectra were performed on a SUN ULTRA 5
workstation using the STARS solid-state NMR software pack-
age??

detect and characterize Friedels salt in complex cement mixtures.

Furthermore, the structural implications of the significant
difference inCq andsq for the o andg form are investigated
by point-monopole calculations of tiéAl EFG tensors and

Results and Discussion

The a Phase of Friedels SaltThe low-temperature. phase

suggest that hydrogen bonding has an important impact on the®f Friedels salt is investigated BYAl VT MAS NMR over a

phase transition.

2TAI VT NMR has earlier been used in studies of temperature
effects and phase transitions for several types of inorganic

materials employing eitheérAl single-crystal or static-powder

NMR. These include investigations of (i) the temperature
dependence of the quadrupolar coupling parameters for alum

(MAI(SO4)212H,0, M = NHy, Na, K, Rb, TI}>14 and
YAIO 3,25 (i) the a—p3 phase transition for AlP@Ecristobalitet®
and (iii) relaxation studies for a single crystal of emeraldsBe
Al ;Sig01g:Cr3").17 Furthermore, high-temperature (880T <
2000 K) equipment has been develofetbr studying the

S

temperature range from121 to 28°C by the analysis of 19
experimental spectra. The appearances ot #EMAS spectra

in this temperature range are quite similar and an illustrative
spectrum T = —3 °C) is shown in Figure 2a. This spectrum
shows the manifold of ssbs from tRéAl satellite transitions,
which are observed over a spectral width of approximately 1
MHz. The insets in Figure 2a illustrate that each ssb is partly
split into two resonances, one from the inner€ +1/, < m

= +3,) and one from the outen(= +3/, < m= 45/,) satellite
transitions, which reflect the difference in second-order qua-
drupolar shift for these transitions. We note that the narrow line

dynamics and crystallization processes of inorganic liquids and width of the ssbs from the inner satellite transitions (fwkm

glassed? 27Al VT MAS NMR has only been used in a few

cases and only to detect structural changes via observation o

the central transitio®® Thus, the present work represents the
first investigation in which the complete manifold of spinning
sidebands (ssbs), observed?TAl MAS spectra of the satellite
transitions, is used to follow a structural phase transition.

Experimental Section

Friedels salt was prepared in a &fdee environment by
hydrothermal synthesis using boehmite (AIOOH), GaZH,0O,
Ca(OH), and demineralized water (triple-distilled water),
following the procedure by Terzis et @l he synthesis employed
the following molar ratios for the reagents: 2.0 A[(OOH)/1.10
CaClh-2H,0/2.97 Ca(OHY233 H,0. After mixing the reagents

240 Hz) and the resolution of the ssbs from the inner and outer

patellite transitions are only observed whigh decoupling is

employed. Furthermore, the narrow line widths and the splitting
for the ssbs demonstrate that our sample of Friedels salt is highly
crystalline. Least-squares fitting of simulated to experimental
intensities for the manifold of ssbs (Figure 2a) gives the
quadrupole coupling parametety = 1.49+ 0.03 MHz and

no = 0.89 £ 0.02, where the error limits (95% confidence
intervals) have been determined using the method described
elsewheré3 The optimized simulation, including all transitions
and the second-order term of the average Hamiltonian for the
quadrupolar interactiof?, is illustrated in Figure 2b and
reproduces convincingly the spectral features of the experimental
spectrum. The observation of resonances from a sfglesite

with an isotropic chemical shift abiso = 9.2+ 0.3 ppm is in

for 15 min, the mixture was heated in a Teflon-lined autoclave agreement with the crystal structure for thephase’, which

at 220°C for 72 h. The product was washed with demineralized contains an unique, octahedrally coordinated Al site in the
water and dried in a desiccator at room temperature. The dry asymmetric unit. Furthermore, the strong effectstbfdecou-
sample was kept in an airtight container to prevent contamination pling on the line widths of the ssbs in the experimental spectra
from CQO,. The basic structure and purity of the sample was reflect the fact that Al is coordinated to six OHyroups.

confirmed by powder X-ray diffraction.
2TAIVT MAS NMR experiments were performed on a Varian
INOVA-300 (7.1 T) spectrometer using a home-built, narrow-

The 1927Al VT MAS NMR spectra of the satellite transitions
for the a form have been analyzed in a similar manner as the
spectrum in Figure 2&7Al quadrupole coupling parameters and
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Figure 2. Experimental (af’Al MAS NMR spectrum ¢, = 5.0 kHz,
1024 scans) illustrating the manifold of ssbs from the satellite transitions
for the low-temperature. form of Friedels salt al = —3 °C and
optimized simulation (b) of the manifolds of ssbs in panel a employing
the parameter€q = 1.49 MHz,77q = 0.89, anddiso = 9.4 ppm. The

Andersen et al.

(@)

(b)

(c)

(d

AL L L L A L A N L L

16 12 8 4 0 4 (epm)
Figure 3. ExperimentaP’Al VT MAS NMR spectra ¢, = 5.0 kHz,

insets are expansions of the line shapes for the individual ssbs, which256 scans) illustrating the line shape of the central transition for ()
illustrate that the ssbs from the inner and outer satellite transitions are € @ phase at-121°C and (c) thef phase of Friedels salt at £C.
partly resolved. The asterisks indicate the ssbs from the outer satellite The Optimized simulations of the experimental line shapes in spectra a

transitions.

TABLE 1: 27Al Quadrupole Coupling Constants (Cq),
Asymmetry Parameters {o), and Isotropic Chemical Shifts
(diso) for Friedels Salt at 12 Selected Temperatures

T(°C) Co(MH2) 7q Oiso (PPM)

—121 1.58+ 0.03 0.80+ 0.02 9.1+ 0.2
—98 1.56 0.80 9.2
—64 1.55 0.82 9.2
-30 1.52 0.84 9.3
-3 1.49 0.89 9.4
18 1.42 0.93 9.2
28 1.40 0.98 9.5
38 1.09+ 0.04 0.044 0.05 9.1
41 1.07+0.02 0.004 0.05 9.1
66 1.06+ 0.02 0.03+ 0.03 9.2
92 1.06+ 0.02 0.01% 0.04 9.3
109 1.054 0.02 0.03+ 0.05 9.4

aThe error limits (95% confidence intervals) 18p andrq are+0.03
MHz and £+0.02, respectively, for all parameters determined for the
a-form. ® The error limit for diso is estimated to+0.3 ppm for all
temperatures.

and c are shown in spectra b and d, respectively, and correspond to the
parameters listed in Table 1 fdr= —121 and 41°C.

and Figure 3b the corresponding simulation. In accordance with
earlier studies of compounds with rather sni@ll quadrupole
couplings, the highest precision 8, 7o, anddis, is obtained
by analysis of the ssbs from the satellite transitions as compared
to line shape simulations of the central transition.

The § Phase of Friedels SaltBy increasing the temperature
in the2’Al VT MAS experiments from 28 to 38C, an abrupt
change in the experimental spectra is observed. The line width
for the central transition becomes significantly narrower at 38
°C, and the line shape adopts the spectral features of an axially
symmetric’’Al EFG tensor (i.e.57q ~ 0). These changes reflect
the structural phase transition from tleeto the g form of
Friedels salt, in full agreement with the reported phase-transition
temperature at about 3&.78

The line shapes of the central transition for thandf phase
are compared in Figure 3. Thieform has been studied by 10
27Al VT MAS experiments in the range from 38 to 10@. All
of these spectra exhibit a second-order quadrupolar line shape

isotropic chemical shifts from these analyses are listed in Table for a single?’Al resonance similar to the spectrum in Figure 3c

1 for seven selected temperatures. Ph&l NMR data have
also been confirmed by optimization of simulated to experi-
mental second-order quadrupolar line shapes for the cemniral (
=1/, < m= —1/,) transition. As an example, Figure 3a shows
the spectrum of thé”Al central transition forT = —121 °C

for T = 41 °C. However, the intensities of the ssbs from the
satellite transitions are significantly reduced compared to those
observed for the. form, preventing a determination & and

nq from these transitions. This reduction in intensity is ascribed
to the introduction of structural or dynamic disorder in the
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Figure 4. Graphs illustrating the temperature dependencies of the
27Al quadrupole coupling parameters @3 and (b)yq for the o phase
(open circles) ang@ phase (filled circles) of Friedels salt. The curves
correspond to the results from regression analysis of the data far the
form employing a second-order polynomial.(ags 1 and 2).

structure associated with the phase transition. TBgsyq, and g pC
iso have been determined from line shape analysis of the centralof the effects from thermal vibrations on thEAl EFG
transition for theB phase. Figure 3c,d compares experimental tensorsi*14The calculations suggest that vibrations ofAin
and simulated line shapes for the central transitiof at 41
°C, while optimizedCq, 1o, anddis, data for thes form at five
selected temperatures are listed in Table 1. The observation ofoctahedra give an increase @y with increasing temperature.
a single?’Al resonance and an axially symmetric EFG tensor For NaAl(SQ)2-12H,0, the sulfate groups are located consider-
(no ~ 0) are in agreement with the crystal structure reported ably closer to the A" ions as compared to the other alums,
for the 8 form, in which Al is situated on a 3-fold axfs.
Temperature Variation of the 27Al Quadrupole Coupling
Parameters. The 2’Al quadrupole coupling parameters, deter-
mined from the analysis of 29 VT MAS NMR spectra and ©Octahedron and the sulfate groups are taken into acéaitht.
summarized for 12 selected temperatures in Table 1, are showrfOr ionic crystals, it is predicted thafq decreases with
as a function of temperature in Figure 4. The abrupt changes inincreasing temperature when effects from the lattice expansion
CQ and 7g at about 34°C demonstrate that these parameters and the amplitude of the thermal motions are considé&r&tie
are highly sensitive to the structural- phase transition at
this temperature. From the VT MAS NMR spectra and the plots C.'® and YAIOs™ are in agreement with this prediction.
in Figure 4, we obtain the phase-transition temperaiure34
+ 4 °C, which is in good agreement with the temperature range the a form of Friedels salt can alternatively be evaluated by
32.0-34.2 °C reported for thexn—p transition from an XRD
study?® It is noted that a phase-transition temperature 6€6
has been reported for Friedels salt from differential scanning Cq, Qyy = (¥2)Co(7g — 1), andQux = (—=2)Cq(170 + 1) using
calorimetry and3>Cl static-powder NMR* however, for a
sample in which chemical analysis indicated that 24% of the for Cq (Q., these relations and t&,, g data shown in Figure
chloride anions were replaced by carbonate anions in the 4 give the temperature dependenciesQgyandQy illustrated
structure. This replacement may tentatively explain the lower in Figure 5. The parabolic variations d@q and 7q with
phase-transition temperature observed in that work. Furthermore temperature result in a similar temperature dependenda@fpr
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it is observed thaCq decreases with increasing temperature
for the o form. This variation with temperature can be fitted to
a second-order polynomial according to the equation

Co=(=9.35x 10 °*MHz °C")T? -
(1.90x 10 3 MHz °C" YT + 1.47 MHz (1)

with the correlation coefficierlR = 0.993. A significant change
in nq is also observed for the form, which can be fitted to
the second-order polynomial

ng=(1.02x 107°°C)T* +

(1.95x 103°C™HT + 0.894 R=10.992) (2)

For thef phase, our data indicate a minor decreas€qwith
increasing temperature (Figure 4a and Table 1), wheygas
found to be independent of temperature (Figure 4b) in agreement
with the local symmetry for Al in the crystal structure.
Furthermore, examination of this, values (Table 1) shows
that this parameter is invariandi{, = 9.3 + 0.3 ppm) in the
temperature range from121 to 109°C, demonstrating that
Jiso cannot be used to monitor tleto 5 phase transition around
30°C. The invariance idis, contrasts thé’Al VT static-powder

and MAS NMR study of thex—f phase transition for AIP$
cristobalite (AIPQ-c, T = 220 °C) by Phillips et al® who
observed a discontinuous decreasé;ipby —2 to —3 ppm on
going from thea to the form. However, for the low-symmetry

o form of AIPOs-c, these authors report a similar (although
almost linear) decrease @g with increasing temperature as
observed for thexr form of Friedels salt. A linear decrease in
Co With increasing temperature has also been reportetfAdr

in YAIO 3,15 whereas single-crystalAl NMR studies of alums
showed an increase @y with increasing temperature for MAI-
(SQy)2:12H,O (M = NHy4, K, Rb, Cs, TI}213and a decrease in
Cq for increasing temperature for NaAl(9212H,0.14 These
different temperature dependencies for alums have been inves-
tigated by Weiden and Weiss using point-monopole calculations

the cages of sulfate ions lead to a decreag&jiwith increasing
temperature, whereas the vibrations offAlin the (HO)s

which may explain the negative temperature coefficient for Na-
alum and the positive temperature coefficients for the remaining
alums when the opposite vibrational effects from the(hd

27A1 VT NMR results for theo phase of Friedels salt, AIPO

The parabolic temperature dependenciegfand g for

calculation of the principal elements of the quadrupole coupling
tensor Q). In units of MHz, these elements are given®y, =

the conventionQ;4 = |Qwl = |Qyl. Assuming a positive value
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ny v_ariation Qbservgd foR,, and Qyy for I_:rieqlels sz_alt may reflect
(a) (i) an anisotropic thermal expansion in which the crystal-
lographic axes do not vary linearly, (ii) other effects such as
o thermal vibrations having a marked influence on #fd EFG
] tensor, or (iii) the thermal expansion being accompanied by
~0.05 rearrangements of the ions in the unit cell.
1 Point-Monopole Calculations. The significant changes in
- ) Co andnq associated with the—f phase transition have been
~0.10 -] investigated by point-monopole calculations of #fal EFG
1 tensors, employing a similar approach as that recently used in
o studies of quadrupolar nuclei for other inorganic systems (e.g.,
23Na, 13%Cs, andPlV)2327.28and using the structural data reported
for thea. form (25°C) and the3 form (37 °C) of Friedels salt:®
These calculations give the principal elemem@'b of the
277l EFG tensor employing the definitiop/s2% > Ve > |
\/‘;‘;"CL The unique tensor element is proportional to the quad-
O rupole coupling constanfp = (1 — y.)eQ\V:2%h, whereQ is
(b) the quadrupole moment f8fAl), while the asymmetry param-
eter is calculated agg"° = (Via© — \/Cy;a,"’)/\/‘;i'c. However, a
precise value for the Sternheimer antishielding faca)?® for
-135 27Alis not available, and thus, we have chosen to compare the
] experimentalCq values with V2© in the evaluation of the
relative magnitude of the quadrupole couplings fordhends
6 0 o2 %00 form of Friedels salt. For the single-crystal X-ray diffraction
o structure analysis of the form, the positions of the H atoms
i were included as variable parameters in the refinerhdtiis
-1.45 resulted in G-H distances of 0.72 (O2H2), 0.75 (O+-H1),
. and 0.77 A (O3-H3) for the three different hydroxyl groups

A
0.00 j(MHz)

~0.15

-020 +~—————+—T1 71+ 71— >T
-120 -80 —40 0 40 (°C)

A
-1.30 |(MHz)

-1.40

) that constitute the AI(OH)unit. Obviously, these distances are
T e L L A '0>T too short as a result of the nonspherical nature of the hydrogen
-120 -80 —40 0 40 (70) atom electron densit$f. For the form, the O-H distance for
Figure 5. Plots of the principal elements (&y = (¥2)Co(o — 1) the hydroxyl group was restrained to 0.95(18 Ahich is a
and (b)Qu = (—%2)Cq(11q + 1) of the?’Al quadrupole coupling tensor  significantly more realistic ©H distance as compared to those
versus temperature for tleform of Friedels salt, assuming a positive reported for thex form. We note that a ©H bond length of
value for the quadru_pole coupl_ing constant (_i.e.,(mgelement). The ©0.924 A has recently been reported for hydrogarnet[@a
results from regression analysis of the data in panels a and b are given o f diff b he O-H di
in eqs 3 and 4, respectively. (OH)el2) rom a neutron diffraction studﬁ_}.T e O-H distances
have a significant impact on the effective oxygen charges that
which can be approximated by the second-order polynomial are used in the point-monopole calculations. These charges are
obtained from the covalences of the oxyg@ation bonds,
Qyy = (7.65x 10 ® MHz °C72)T2 + which are calculated from the equations of Brown and Shan-
2 i -
(1.54x 1073 MHz oC—l)T — 0.08 MHz nor?sfnd from the chemlcal bond data of Brown and Alter
o matt3 Thus, as the first approach, we have recalculated the
(R=10.993) (3) atomic coordinates for the hydrogen atoms ofdhiferm (from

In contrast, Figure 5b reveals th@}« is almost independent of the reported interguclear €H vect_ors} to obtain G-H
temperature, considering the precision of our data, thads, distances of 0.95 A for the three different hydroxyl groups.

= —1.42+ 0.04 MHz forT = —121°C andQy = —1.38+ Employing these modified data for the phase in point-
0.04 MHz for T = 28 °C. However. linear rexéressioﬁ of the Monopole calculations of th¥Al EFG tensors give the data

data |n Flgure 5b gives the equatlon \/ng:C: 0271 X 1021 V m_2, nCQTIC = 004 fOr thea fOI’m and
Vi =0.259x 107*V m~2, 55 = 0.00 for thes form, when
Q= (2.24x 10 * MHz °C71)T —1.39 MHz only the nearest oxygen coordination sphere for Al (i.e., argAlO

(R= 0.830) (4) unit) is considered in the calculations. The almost identical
' values of Vi2and & for the a and B forms from these

which indicates a very small linear variation with temperature calculations indicate that the nearest coordination sphere of Al
for Q. Similar results have recently been presented®fBb is only slightly affected by the phase transition.
in RbCIQy, in which linear relationships with temperature were From the crystal structures, it is apparent that the environ-
observed foQ,, (Cq) andQx Whereag)yy exhibited a parabolic ~ ments of the chloride anion change significantly during the phase
dependencé Following the model calculations of the effects transition. Thus, the Al environment in the point-monopole
of thermal expansion on th@; elements in that studif, the calculations has been extended to a cluster of the 74 nearest
data for theo. form of Friedels salt indicate that the temperature atoms including the six nearestCinions. Again, the effective
variation for theQj; elements are not solely a result of thermal charges @) of the individual atoms are estimated from the
expansion. Even an anisotropic thermal expansion, in which thecovalences of the oxygercation bonds, assuming @(Cl) =
crystallographic axes increase linearly with increasing temper- —1e, (ii) effective charges for the O and H atoms of the water
ature but with different temperature coefficients, should result molecule, which give an electrically neutraj)® molecule, and
in a linear variation of the&); elementg® Thus, the parabolic  (iii) balanced charges for the cations corresponding to an
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electrically neutral CgAl(OH)gCI unit. Furthermore, for thet
form, recalculated H coordinates that give-B distances of
0.95 A are employed for the hydroxyl groups and the water
molecule. For thet form, this procedure results in the following
effective chargesqq(Al) = 2.00&, q(Ca) = 1.49%, q(O1) =
—1.19%, q(02) = —1.17%, q(0O3) = —1.20%, q(OW) =
—0.953, q(HO1) = q(HO2) = q(HO3) = 0.526&, q(HWA) =
q(HWB) = 0.463, andq(Cl) = —1e, using the same indices
of the atoms as in the XRD structure analysinploying these
charges for thex form and the cluster of 74 atoms gives the
valuesVea = 0.229x 10?1V m~2 andp&° = 0.18. The same
approach for theg phase (cluster of 74 atoms) results in the
parameterd/s2°= 0.303x 10?1V m~2andp§*°= 0.00, using
the effective chargeg(Al) = 2.01%, q(Ca)= 1.42%, q(O) =
—1.15%, q(Oy) = —1.01%, q(H) = 0.506:, q(Hw) = 0.51C,
and q(Cl) = —1e. Again, the calculated values faf3° and
nga'c are very similar for thex and 8 form, and thus, they
cannot explain the significant experimental chang€dand
especiallynq associated with the phase transition.

So far, the calculations have assumed identicalHobond
distances for the hydroxyl groups in tleform, although the
XRD study indicated three different distances for the hydroxyl
groups of the AI(OH) unit.” Although these distances are too
short, the XRD analysis strongly indicates that these bond
distances vary as a result of hydrogen bonding to the chloride
anion and the oxygen of the water molecule. This effect is
investigated by implementing a systematic decrease of the
shortest (O2H2) and increase of the longest (683) O—H
distance around 0.95 A for a fixed value of 0.95 A for the-O1
H1 bond distance in the calculations. This results in the variation
of Ve2“andn with increasing difference in ©H bond length
(Ad = dosz-n3 — doz-n2) shown in Figure 6, parts a and b,
respectively, for calculations considering only the nearest

coordination sphere as well as the cluster of 74 atoms. For eachy,

calculation, the atomic coordinates of H2 and H3 are determined
from the O2-H2 and O3-H3 internuclear vectors and, subse-
quently, the effective charges of the individual atoms using the

procedure described above. The plots in Figure 6 show that an

increasing difference in ©H distance for O2 and O3 results
in an increase Ve as well asy&'°for both Al environments.
The most marked effect foyg"'C is observed for the cluster of
74 atoms, which may reflect the fact that these calculations also
include effects from the positions of the displaced H atoms and
not only effects on the effective charges of the oxygen atoms
as for the AIQ calculations. Furthermore, for a displacement
of H2 and H3 bydos-p3 — doz-H2 = 0.06 A, an asymmetry
parameteryCQa'C = 0.93 is calculated for the cluster of 74 atoms,
which is very close to the experimental value for théorm at

28 °C. We note that this calculated value should be compared

with the experimental data at this temperature, because the

calculations employ the structural data determined from XRD
at 25 °C.7 The increase Ve with increasingdos-ns —
doo-n2 is also in agreement with the experimental values for
Cq of the a form, although the experimental ratio f@go(a
phase)Cq(S phase) of about 1.3 is not reached for the calculated
Ve values for thea and 3 phases. Thus, the calculatagalc
and VS values in Figure 6 strongly suggest that hydrogen
bonding, reflected by a change in—® distances for the
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Figure 6. Graphs illustrating (a) the principal element of #&l EFG
tensor ¥°9 and (b) the EFG asymmetry parametgf) from point-
onopole calculations as a function of the difference inHDbond
length Ad = dos-n3 — doz-n2) for the O3-H3 and O2-H2 hydroxyl
groups bonded to aluminum in tleeform of Friedels salt. The filled
and open circles correspond to calculations for an Al@It and a
cluster of 74 atoms, respectively (see text).

the oa—pB phase transition by the abrupt change 4fAl
qguadrupole coupling parameters.

Conclusions

Variable-temperature (VT§’Al MAS NMR of the central
and satellite transitions is shown to be a valuable tool in the
characterization of the structural phase transition for Friedels
salt (CaAI(OH)sCl-2H,0). The 27’Al quadrupole coupling
parameters Go and 7q) are very sensitive to the structural
changes induced by the—f phase transition, while a value
independent of temperature is observed for the isotropic
chemical shift. The parabolic decreaseGg and increase in
nq With increasing temperature observed for thghase and

the corresponding temperature dependencies of the principal

elements of th&’Al quadrupole coupling tensor are not only a
result of thermal expansion but reflect the fact that other effects
such as thermal vibrations, motions, or rearrangements of the
ions have a marked influence on %@l electric-field gradient
(EFG) tensor. The examination of the-® bonds in thex and

S forms combined with point-monopole calculations of th&l

hydroxyl groups, plays an important role in the structural EFG tensors, employing large clusters of atoms for the
rearrangements that occur during the phase transition. Therebyaluminum environment, strongly suggests that hydrogen bond-
these changes may account for the variations in the local ing, reflected by a change in-eH distances for the hydroxyl
environment of the Al atom that allow the clear observation of groups, plays a decisive role for the structural changes that occur
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during thea—p phase transition. Overall, the present results
show great potential fot’Al VT MAS NMR as a tool in the
characterization of phase transitions for other lamellar calcium

aluminate hydrates.
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