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ESR spectroscopic evidence for hydration- and temperature-dependent spatial
perturbations of a higher plant cell wall paramagnetic ion lattice

To study the influence of cell wall polyuronide structure on bound paramagnetic ion mteractlons, spin-spin
coupling measurements were made on intact cell walls exchanged with a wide range of Mn?* and Cu**
concentrations. These experiments were performed so that dimer-only intercationic nearest neighbor
distances (d) and lattice constants (k) could be calculated from the linewidth-concentration dependency. d
values were estimated to be 12 and 14 A for Cu®* and Mn?*, respectively. At the maximal bound ion
concentration, k was 2.3-2.6, indicating that about 5-7 paramagnetic ion nearest neighbor spin-spin
interactions occur per dipole in the nearly filled lattice. This latter observation strongly argues for the
egg-box model of the cell wall-polyuronide lattice structure. Mn?* linewidths of hydrated cell wall-bound
paramagnetic ions displayed an unusual temperature dependency, whereby linewidths increased between
20°C and the temperature at which maximal linewidths were observed (7,,,,). T,,,x Was inversely propor-
tional to the degree of lattice hydration, indicating that the temperature dependency was not associated with
the freezing of bound water. The relative change in Mn?* linewidths, between 20°C and T,,,,, was affected
by binding site-associated 'H spin-lattice relaxation times, indicating that the temperature dependency is at
least partially controlled by cell wall polyuronide structure.

Introduction

The primary cell wall / middle lamellar complex
of higher plant tissues [1] is considered to be a
three-phase system consisting of a ‘crystalline’
component (cellulose), a ‘matrix’ component (one
of which is uronic acid-containing polymers), and
a bound water or ‘packing’ component which can
take up to about 50% (w/w) of the total primary
wall complex mass. Of the matrix components,
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Abbreviation: PGA, polygalacturonic acid.

galacturonic acid-containing polymers are one of
the most important because of their involvement
in stabilizing the wall structure [1-4], controlling
the ion exchange capabilities of the apoplast [2,5],
and exerting conformational or steric control over
the activity of certain hydrolytic enzymes [2,3].
Much needs to be learned about the relationship
between changes in ionic polymer matrix structure
and the microscopic properties of the primary wall
and middle lamellae during plant growth and de-
velopment, since the various lattice interactions
control many of the bulk physical properties of
tissues. 4

In previous studies [6], we presented direct evi-
dence that the divalent cationic binding mecha-
nism in plant cell walls was sequential and pro-
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Fig. 1. Egg-box model [7-11] for the polyuronide-divalent
cation aggregate structure. Broken circles represent one
aquoshell. The intercationic distances are drawn to be on the
order of 12 A. From this two-dimensional lattice model, the
lattice constant (k) for spin-spin coupling, for the center ion, is
about 2.45. In a three-dimensional model, k would increase up
to 3.88, depending on the relative position of the upper and
lower planes in relation to the center paramagnetic ion; spin-

spin couplings 20 A or more cause very little line broadening
and therefore can be neglected.
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posed that the ion-polyuronide structure was simi-
lar to the egg-box model hypothesized previously
[7-11]; in this model, the metal ions are chelated
between adjacent polymer chains (Fig. 1) in an
ordered fashion by negatively charged carboxyl
groups. In this report, we present data which fur-
ther support this binding mechanism and lattice
model. We also present evidence that the cell wall
complex polyuronides undergo heretofore un-
known hydration- and temperature-dependent
conformational alterations. The ESR technique we
discuss could be a useful research tool to further
elucidate the structural mechanisms of various cell
wall polyuronide-mediated processes, since devel-

opmental changes in plant tissues are regulated to
some degree by the organization and conformation
of these acid sugar polymers [1-4].

Materials and Methods

Intact cortical tissues of Malus pumila fruit
were used throughout the experiments reported in
this study. Tissue fixation and determination of
free uronic acid concentrations were described be-
fore [6]. Cross polarization and magic angle spin-
ning NMR (CPMAS NMR) experiments on tis-
sues with different binding site-associated 'H
spin-lattice relaxation times (C=O T;) were as
previously described [12].

For the ESR experiments, intact tissues (1 X1
X 4 mm) were equilibrated at pH 5 in water for 15
min and decanted; this procedure was repeated
thrice. Approx. 10-40 mg (dry weight) of cell wall
complex was used for each treatment combination
depending on the concentration of bound ion.
Samples were equilibrated (22 + 2°C) in 10 ml of
various concentrations of Mn?* and HT
(1073-10"'M, pH 2-5) in order to achieve a wide
range of bound paramagnetic ion concentrations.
For Cu?* experiments, cell wall samples were equi-
librated (pH 4.5) in 10~ 6-10~? M aqueous CuCl,.
After approx. 24 h, the solutions were decanted
and the tissue specimens washed thrice in (pH 7)
water, allowing 15 min equilibration in each wash.
After an additional 1 h soak in water, this proce-
dure was repeated. Samples were dehydrated with
ethanol and critical point dried. as previously de-
scribed [6,12].

In order to achieve different levels of hydration
(21.7+£ 0.3, 329+ 0.5, 42.0 £ 0.4 and 51.7 + 0.5%
(w/w)) samples were equilibrated for various time
intervals (0.5-0.75, 1-1.5, 2-3, and 4-6 h, respec-
tively) in a saturated water vapor chamber at 160
torr and 22°C. Determination of bound water was
performed gravimetrically by difference, before
and after equilibration. Bound water levels never
exceeded 50-75% (w/w) after equilibrium hydra-
tion. Hydrated samples were immediately loaded
and sealed in 3 X 130 mm quartz tubes, and spec-
tra were taken proceeding from the high tempera-
ture treatments first (20°C). After each experi-
ment, the samples were removed, washed in
methanol, vacuum dried at 35°C, weighed, and



dry ashed for atomic absorption spectrophotomet-
ric analysis of Mn and Cu using standard proce-
dures. Specific departures from or additions to
these experimental methods are given in figure and
table headings.

Mn?* ESR spectral parameters, linewidths
(AHqcnysamy,, ) and nearest neighbor distance
parameter (d) calculations were as previously de-
scribed [6]. Cu?* linewidths were calculated di-
rectly from the first derivative g, component as
the difference in field strength (expressed in G)
between the maximum and minimum amplitude
with: scan range, 1.6 kG; field set, 3 kG; mod-
ulation amplitude, 4 G; microwave frequency, 9.1
GHz; microwave power, 20.75 dB; scan times,
4-32 min depending on concentration and gain
levels; time constants, 0.032-0.256 s on a Varian
Series E-109B * spectrometer at —180°C. This
measure of linewidth is directly proportional to the
true linewidth as determined by an anisotropic
simulation routine [13]; this simulation showed
that the true Cu?* linewidth (AH(a/(sry/amymaxs
Fig. 3) is equal to the empirical measure, described
above, divided by 1.17.

In Table I, AT, is the change in temperature,
relative to the 22% (w/w) level of hydration, when
8AHqyny/amy,, /8T = 0. For these data alone, all
linewidth data (320 observations encompassing all
hydration levels, temperatures, [Mn**], ... and
T)y) were fit to a statistical model quadratic in
[IMn?* ], ung and temperature (7'). The partial first
derivatives were taken with respect to T and
[Mn?" ], una and set to zero such that:

64 Hainyam,, /8T =0; a,T + b, [Mn?* Toound = C;
and
4] H(dl(H)/dH),““x/s[Mn2+ Joouna = 0:

a, T+ by [Mn?** |y e =G,

T..« values were calculated by the method of
simultaneous equations whereby:

* Reference to brand or firm name does not constitute en-
dorsement by the U.S. Department of Agriculture over others
of a similar nature not mentioned.
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Polygalacturonic acid (H* form, PGA) was
purchased from Sigma Chemical Company (Lot:
112F-0303), St. Louis, MO, U.S.A. About 500 mg
PGA was equilibrated in 25 ml of 800, 400, 100,
50 and 2 mM CacCl, in 75% (v/v) ethanol / water
to achieve 53 +4,38+2,25+8,11+2 and 0.3 +
0.03% (on a binding site basis whereupon one site
equals 2CO; ) bound Ca®*, respectively. Samples
were washed repeatedly with absolute ethanol,
vacuum dried on sintered glass, and stored under
vacuum (160 torr) over dehydrated silica gel for
2-3 weeks prior to the CPMAS NMR experi-
ments.

Values of T;, were determined indirectly via
observation of '*C magnetization after 'H-'>C
polarization transfer (0.8 ms) in a 180°-7-90° pulse
sequence (7, variable time delay). Recycling times
were approx. 1.5 s. Each spectrum required an
accumulation of 4000 transitients. For determina-
tion of 'H-"C polarization transfer rates (Tg1),
carbonyl carbon (C=0) and nonspecific ring
carbon (COH) resonance intensities were mea-
sured after accumulation of 4000 scans with varia-
ble cross polarization times of 0.050—0.8 ms. *C
signal amplitudes were plotted as a function of the
variable delay or cross polarization times, and
data were treated by standard literature methods.
Standard errors were calculated from the least-
squares analysis of all T, and T, data. All
CPMAS NMR experiments were performed in the
presence of dry N, flow.

Results and Discussion

In fluids, rapidly tumbling averages the angular
component of the spin-spin dipolar coupling Ham-
iltonian to zero [14]; however, in randomly ori-
ented solid matrices [15], both the interactions
between nearest neighbor paramagnetic ions and
the coupling of the bound ions with the thermal
motions of the surroundings need to be consid-
ered. From the standpoint of linewidths alone, the
latter term has a small effect relative to the inter-
actions between the ions themselves [15] and, thus,
bound paramagnetic ions can be considerred as
fixed points interacting only through their cou-



pling with each other. Because of this simplified
picture, the ith spin in the midst of other para-
magnetic ions bound within a solid, such as a
nearly filled idealized cell wall lattice, has a total
interaction profile equal to the sum of the dipolar
coupling terms (spin-spin and/or exchange) over
all jth interactions. In this summation [15], the
series converges to some value which depends only
on those dipoles in the vicinity of each ith spin
and, therefore, is the same for all the dipoles of the
same type in the lattice. Only spins on the lattice
surface would experience relatively fewer jth in-
teractions. Of the dipolar terms, spin-spin cou-
pling causes line broadening [16] and falls off as
the inverse cube of the distance between inter-
acting spins [15-19] as described [16,23] by the
square root of the second moment of a Gaussian
line. In nonmagnetic insulators [20], linewidths
and shapes agree with basic Van Vleck theory [16].
However, as paramagnetic ions or molecules be-
come very close (for example, on the order of 5 A
[16]) to each other [18], the observed linewidths are
ffected by exchange [21] coupling which de-
termines the rate that dipolar fields fluctuate in
time [22] and is dependent upon the ‘bonding
pathway’ between two spin systems [17]. While
second moments are independent of the exchange
term [22], the lineshapes no longer remain Gaus-
sian and become mixed [23]. Because of this, one
observes line narrowing [16,21,24,25] in the spec-
tra.

Since the linewidths of Mn?™, intercalated in a
higher plant cell wall matrix, only increased as a
function of bound ion concentration and de-
creased with nonparamagnetic divalent cation
doping, we felt that little or no exchange narrow-
ing occurred [6]; however, only a limited con-
centration range was utilized. Further evidence is
presented in Figs. 2 and 3 for both Mn?* and
Cu?™, respectively. The fact that the linewidths for
cell wall-bound Mn?* and Cu?* only increase as a
function of paramagnetic ion concentration argues
strongly against any significant exchange coupling
and, therefore, we can neglect this contribution to
linewidth. We approximate a dimer-only nearest
neighbor distance parameter (d) from the ex-
trapolated zero concentration-linewidth intercept.
This near dilute limit calculation gives the most
reliable results when utilizing Van Vleck theory
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Fig. 2. Cell wall-bound Mn?* concentration (X1073 mol/g)
dependency of linewidth (4 H y ¢y /a1y, )> dilute limit nearest
neighbor distance parameters (d, assuming x =1) and lattice
constants (). Open symbols are equilibrium hydrated; closed
symbols are critical point dried. Squares and circles represent
two independent experiments. The d values used to calculate
were 13.72 and 16.3 A for dry and hydrated tissues, respec-
tively. ESR spectra were taken with a sample temperature of
—180°C.

[16]. Using this approach, the dimer paramagnetic
ion nearest neighbor distances were estimated to
be 12 and 14 A (dehydrated samples) for Cu®*
and Mn?*, respectively. At these distances, which
are close to the intercationic distances of the egg-
box structure [7,26,27] depicted in Fig. 1, little
exchange narrowing should occur for noncova-
lently bound paramagnetic species. The difference
in d between Mn?* and Cu?* samples could be
due to the fact that Cu®" loses a significant por-
tion of its aquoshell [28,29], unlike other transition
ions, such as Mn?*, and might result in a more
compact paramagnetic lattice structure. In Figs. 2
and 3, the dimer-only nearest neighbor distance
parameter d is presented as a function of the
concentration of bound metal ion. These calcula-
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Fig. 3. Cu®* linewidth (AH4ymysam,,,) and dilute limit
nearest neighbor distance parameters (d) dependency on cell
wall-bound Cu?* (X 10~3 mol/g) at —180°C. This calculation
for d assumes k =1 throughout. Samples were dehydrated. The
dilute limit Cu* linewidth intercept (dotted line) is approx. 56
G.

tions assume that « = 1 in the relation:
AAH 11y samy,, = 28690-G A3 [S(S +1)]"*k /d?

where k is the lattice constant, d is the nearest
neighbor distance and S is the total spin [6,18,19].
In fact, the change in line-broadening
(AAH 11y am,, ) cannot be attributed solely to
a change in d; for as ions fill the lattice, an
increase in the number of interactions per ion will
occur. For example, in the very dilute limit no
nearest neighbor interactions will be expected,
whereas up to 12 nearest neighbor interactions will
be found in a filled lattice. x varies with the lattice
structure as well as the degree of filling.Consider-
ing nearest neighbor interactions only, k=1 for a
dimer, 1.4 for a linear array, 2.45 for a two-dimen-
sional hexagonal array with six nearest neighbors
as in Fig. 1, and 3.46 for a three-dimensional
hexagonal close packing array (12 nearest neigh-
bors). In this simplified example, k2 gives the
number of nearest neighbors; however, even for a
system with an extended array, due to the de-
creased weighting of distant interactions, k2 will
approximate the number of nearest neighbors. Fig.
2A shows calculated lattice constants (k), assum-

ing a constant d. The dilute limit asymptote is set
to unity (dimer interactions only). As expected for
the sequential ion-binding model, k approaches
zero only at a very low concentration (e.g., less
than 1% of the available sites being filled or ap-
prox. 2:107% mol Mn?*/g cell wall), where a
significant portion of the ith dipoles experience no
interactions with neighboring spins. From this lin-
ear relationship (Fig. 2A), we calculated that the
maximum « value is approx. 2.45 + 0.21 for Mn?*
and Cu®*, which indicates that the average num-
ber of spin-spin interactions per ith dipole is in
the order of 5-7 (k?), assuming the intercationic
distances in the lattice are about equal, and argues
strongly for the sequential divalent cation-binding
[6] egg-box model [7-11] of a filled lattice. The
maximum value of 2.45 found in this work is lower
than that expected for a filled three-dimensional
array. However, this is not surprising since approx.
50% [12] of the total uronic acid polymers in this
system are methylated and therefore bind no diva-
lent cations. Indeed, the observed value of «,,,,
argues for the existence of pockets or regions of
nonmethylated polymer existing contiguously in
the cell wall / middle lamella lattice.

Upon equilibrium hydration (Fig. 2B and C,
open symbols), the dimer-only Mn?* nearest
neighbor distance parameter increases about 2 A
(10 G decrease in AHgyp) ap,,. as [MD**Jyoung
approaches zero). This linewidth change is not
likely to be due to the hydration of the transition
ions alone, since the difference in water adsorption
after equilibrium hydration between ionically con-
centrated and dilute samples is within experimen-
tal error (0.44 +0.02 g water/g cell wall) and
because bound divalent cations, such as Mn?*,
have a rather significant hydration shell even in
the dehydrated state. This latter point is demon-
strated (Fig. 4) by experiments on the spin-lattice
relaxation time (77y) and cross polarization trans-
fer rates (T¢y) of pure, dry Ca* salts of polygala-
turonic acid (Ca’*PGA) via CPMAS NMR. In
solids, spin-lattice relaxation is mediated by 'H
spin diffusion [30] such that in homogeneous sam-
ples with rapidly reorienting 'H-rich domains such
as methyl groups or bound water, polymer Ty
values will be inversely proportional to the molar
concentration of these domains [31]. This phenom-
enon is clearly established in Fig. 4, wherein poly-
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Fig. 4. 'H spin-lattice (Tj) and cross polarization (Tcy)
relaxation times of dehydrated polygalacturonate as a function
of bound Ca?*. Bars represent standard errors of the means
([Ca%* | youna) OF asymptotic standard error (relaxation times).

uronide T,y values decline as the binding sites
become filled with Ca®*. If ionically associated
bound water were not present, one would expect
either no change in 7}y or an increase due to the
cross-linking effect of Ca>* on PGA motion. Other
evidence for the existence of a significant amount
of bound water in ‘dry’ polymer salts is demon-
strated (Fig. 4, insert) by the decrease in remotely
protonated *C signal (C=0) Ty values as the
anionic polymer lattice becomes increasingly
populated with Ca®>*. The cross polarization rate
(T&) of 1>C resonances with directly bonded pro-
tons (for example, the ring carbons [COH] of
Ca?*PGA) is a function of the inverse 6th power
of the distance between *C and 'H spins [32]. For
this reason, carboxylate functionality (C=0) Ty
values are larger [33] than corresponding ring
carbon values. The greater relative effect of bound
Ca?* on C=0 Ty (36% greater negative slope) is
evidence that the bound water protons are closer
to the carboxylate groups, as would be expected
for the ionic lattice we propose (Fig. 1, and Ref.
6). Since dehydrated divalent cation-polyuronide
lattices show significant cation aquoshells, we pro-
pose that the 2 A difference in dilute limit d
values is due to changes in the anionic polymer
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Fig. 5. Temperature dependence of cell wall-bouna mn~ " un-
ewidths (8 H gy /am),,» O) and ESR detector current (X 102
#A, O) for methanol-treated (A), slightly hydrated (approx. 8%
(w/w), B), and equilibrium hydrated (approx. 70% (w/w), C).
Tissue specimens had ca. 1.89-1075 mol Mn?*/g cell wall
(approx. 6% of the available sites filled). Least significant
differences at the 0.05 level (LSD,s) are reported for each
figure. Data are the means of three experiments.

conformation upon equilibrium hydration.

In order to further elucidate the mechanism of
the hydration effect, we performed experiments on’
Mn?* spin-spin coupling as a function of sample
temperature (20 to —180°C) for slightly hydrated
(approx. 8% (w/w), Fig. 5B), equilibrium-hydrated
(Fig. 5C), and methanol-treated (Fig. SA) samples
(IMn?* ], una = 1.9 - 107% mol /g cell wall or 6% of
the binding sites being filled). The methanol and
8% hydrated cell wall complexes displayed a simi-
lar temperature response between 20 and —180°C,
albeit the rate of change in linewidth for the
methanol-treated samples was more gradual. The
equilibrium hydrated samples had an unusual tem-
perature dependency, whereupon the 20 and
—180°C linewidths were approximately equal but



bound paramagnetic ion linewidths increased be-
tween 20°C and T,,,, where the maximum lin-
ewidth was observed. The spin-spin coupling max-
imum was associated with a sharp decline in spec-
trometer detector current (350-100 pA) over a
narrow temperature range. This latter result might
indicate that the observed maximum linewidth at
T,..x was due to a polymer phase change upon the
freezing of bound water (for example, whereupon
the sample dielectric constant drops and thereby
reduces the observed detector current). Assuming
a constant k, the relative change in linewidth
between 20°C and T, (Fig. 5C) would indicate a
decrease in the Mn?* nearest neighbor distance
parameter (Ad) of about 2.6 A. Other investiga-
tors [34] have found that paramagnetic crystals
show little linewidth variation between 27 and
—100°C; at lower temperatures (—100 to
—171°C), a crystalline phase change coincided
with paramagnetic ion spectral narrowing. Thus,
our observed temperature-dependent changes in
Mn** linewidths could be associated with alter-
ations in the cation-binding polymer conforma-
tion. If the bound paramagnetic ion spin-spin in-
teraction increase, between 20°C and T, ,,, is asso-
ciated with a polyuronide water of hydration phase
change upon freezing, 7,,,, should decrease as the
degree of sample hydration is lowered; this was
not observed upon further investigation (Fig. 6).
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Fig. 6. Dependency of T,,, (temperature where maximum
linewidths were observed) on of lattice hydration. Each data
point is the mean of four replications ([Mn?* ], .4 varied
between ca. 1-10™4 and 3-10™* mol/g or approx. 32 and 95%
available sites filled). Bars represent two standard errors of
each mean.

TABLE I

DEPENDENCE OF AT,,, AND Ad ON THE HYDRA-
TION OF THE CELL WALL LATTICE AS A FUNCTION
OF BINDING SITE-ASSOCIATED 'H SPIN-LATTICE RE-
LAXATION TIMES (C=0 T})

Samples with differing C=O T;H values had virtually identical
levels of bound divalent cations (1.26-10 > +6.32-10~7 mol /g)
and degree of methyl esterification [12], either of which can act
as a 'H relaxation agent via water of hydration (Fig. 4) or
methyl rotation [31], respectively. Thus, carboxylate functional-
ity T}y data [12] probably reflect differences in uronic acid
polymer size. Relaxation times, all complicating factors being
equal, are inversely related to solid polymer motion [30]. AT,,,,,
is the change in temperature, relative to the 22% (w/w) level of
hydration, when 8A H 4y samy,,, /8T = 0. For the AT, ., col-
umn alone, all linewidth data (320 observations encompassing
all hydration levels, T, [Mn?* ], .4 and T;y) were fit to a
statistical model quadratic in [Mn?* ], ,.q and T. The partial
first derivatives were taken with respect to T and [Mn?* ] u0q
and set to zero. T, values were calculated by the method of
simultaneous equations. The statistical model also predicts a
significant inverse relationship between T,,,,, and [Mn?* ], ..
Ad is the calculated change in the Mn?* nearest neighbor
distance parameter between 20°C and 7,,, assuming k = 2.5
and that all linewidth changes are due to distance effects; of
course paramagnetic ion 7; values are expected to change with
T and this may have a substantial contribution to the observed
linewidth changes. Only samples which had a narrow
[Mn?* ]y oung Tange (3.1-107% £3.9-107¢ moles/g or 94+1%
sites filled, +S.E.) were used for this calculation. Ad values
were calculated from the observed data without a priori curve
fitting.

C=0 Ty (ms) gH,0/gcellwall AT,, (Cdeg) Ad(A)

333+12 0.22 0 0.1
0.33 -10 0.2
0.42 =20 0.6
0.52 -29 1.9
123415 0.22 0 0.1
0.33 -5 0.5
0.42 -14 1.5
0.52 -23 2.7

Indeed, as sample hydration was raised from ap-
prox. 20 to 50% (w/w), the T, . declined linearly
(four replicationis with [Mn’*], ,.q ranging be-
tween approx. 1-107* to 3- 10~ * mol /g cell wall).
The average T,,,, was above 0°C in all but two of
the samples. From these data, we conclude that
the linewidth-temperature dependency was not di-
rectly related to the freezing of bound water.

In order to test the hypothesis that the change
in cell wall-bound Mn** linewidths between 20°C



and T, was associated with ligand structure, we
utilized samples differing in binding site-associ-
ated (C=0) 'H spin-lattice relaxation times [12]
(Table I). In both samples the changes in T,
(AT,,,), relative to the lowest level of hydration,
were approximately equal. However, the total
change in Mn?* linewidths between 20°C and
T,.ax» as reflected in the nearest neighbor distance
parameter (Ad), was significantly larger in the
equilibrium hydrated cell wall samples with short
C=0 Ty values and indicates a greater degree of
lattice flexibility. All these experiments argue that
the temperature dependency is related to changes
in cell wall polyuronide spatial orientation. Be-
cause of the relative sensitivity of this ESR tech-
nique, it could be used to study structural alter-
ations of paramagnetic ion or nitroxide-labeled
polymers in such mechanistically obscure plant
developmental processes as extensive growth, poly-
mer deposition and orientation with respect to the
longitudinal wall axis.

From these and other [6] studies, we conclude
that divalent cations bind within the cell wall/
middle lamellar complex in a spatially sequential
fashion, that the ion-polyuronide aggregate struc-
ture is similar to that proposed for polyuronides in
solution [9] and that the free acid polymers exist in
three-dimensional lattices low in methyl ester con-
tent. The hydrated ionic lattice shows an unusual
temperature-dependent perturbation of para-
magnetic ion spin-spin coupling. Other data indi-
cate that the relative position of the fixed dipoles
decrease 2-3 A on dehydration probably under
the influence of /spatial alterations in the con-
formation and structure of the anionic ligand.
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