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XRD AND XPS ANALYSES OF THE GROSSULAR-HYDROGROSSULAR SERIES
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ABSTRACT

Members of the grossular-hydrogrossular series
VI Ca VIAL(VYSiO,); (OH,), (x = 0, 0.2, 0.375, 0.4, 0.6,
0.75, 0.8, 1.0) have been synthesized from oxide mixtures
at temperatures between 270 and 745°C and pressures
between 1 and 4 kbars. Products consist of a single phase
over a narrow range of temperature and over a wide range
of pressure. The unit-cell dimension increases with increas-
ing (O4H,) content. The d-value of the (420) plane (dyyq)
is related to mole fraction of hydrogrossular (xyg,) by the
regression equation dyy, 2.651 + 0.0289xyg, -
0.0180x%¢, + 0.0411x%yG,. The excess volume of mixing
can be described approximately as a symmetric solution
using V,, = ~6.718%ygr X em3mol™!, or more completely
using an asymmetric model where Vi, = -9.700xg0y6,2
+ -3.507xg 6, (cmPmol™). Analyses by X-ray photoe-
lectron spectroscopy (XPS) show that the binding energies
of the Si and O core electrons are reduced with increasing
(O4H,) content. Correlations between average chemical
shift and the composition of hydrogrossular (xy;g,)-are, for
0181/2 and Si2P3/2: S(o) = 0.98 - 1.28x; ar + 0'36szGr’
and S = 4.77 - 1.13xy5, + 0.07x°yg,. There is no
measurable difference in the XPS binding energies of Al
core electrons for the solid solutions studied.

Keywords: grossular, hydrogrossular, XPS, XRD, nonideal
solution, molar volume.

SOMMAIRE

Nous avons synthétisé des membres de la série grossu-
laire-hydrogrossulaire VCa;VIAL(1YSi0,);_(O4H,),
x = 0, 0.2, 0.375, 0.4, 0.6, 0.75, 0.8, 1.0) & partir de
mélanges d’oxydes entre 270 et 745°C et entre 1 et 4
kbars. Le produit est monophasé quelle que soit la pres-
sion, mais sur un intervalle restreint de température. Le
parameétre réticulaire augmente avec une augmentation en
proportion de (O4H,). La valeur de djyq dépend de la frac-
tion molaire d’hydrogrossulaire selon la relation djyy =
2.651 + 0.028%xy;, - 0.0180x2q, + 0.0411x%5,. Lex-
ces en volume de mélange correspond approxirnativement
4 un modéle de solution symétrique dans lequel ¥V, =
-6.718xy %G emmol™, ou plus précisément 4 un modzle
assymétrique dans lequel V,; = -9.700xg XG> +
-3.507x6, %Xy, cm®mol!. Les analyses par spectroscopie
des photoélectrons X montrent que I’énergie des liaisons
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des électrons du noyau des atomes de Si et de O diminue
avec une augmentation en proportion de (O4Hy). Les
corrélations entre déplacement chimique moyen S et la
teneur en hydrogrossulaire (xyg,), pour O'S,, et Si?P; 5,
sont: S(O) = 0,98 - 1.28XHC“. + 0.3 HGr» et S(Si) = 4,77
= 1.13xyg, + 0.07x%4q,- Il 0’y a pas de différence impor-
tante entre les énergies de liaison des électrons du noyau
des atomes d’aluminium dans cette solution solide.

(Traduit par la Rédaction)

Motrs-clés: grossulaire, hydrogrossulaire, spectroscopie des
photoélectrons X, diffraction X, solution non idéale,
volume molaire.

INTRODUCTION

Hydrogrossular, which conforms to the formula
Ca;AL(Si0y), (H,0,),, exists as a continuous solid-
solution between Ca;Al,Si;0;, (grossular) and
Ca;Al(H,0,);. In rodingites, hydrogrossular with x
= 1is commonly the most abundant mineral present
(Coleman 1966), in association with fine-grained
mixtures of other hydrous silicates, such as prehnite,
vesuvianite and clinozoisite,

Numerous structural studies of the hydrogrossu-
lar series have been published (Weiss ef al. 1964,
Cohen-Addad et a/. 1967, Foreman 1968, Novak &
Gibbs 1971, Basso et al. 1983, Sacerdoti & Passaglia
1985, and Lager ef al. 1987). Sacerdoti & Passaglia
(1985) demonstrated a correlation between the degree
of hydration in garnet and the relative lengths of the
shared and unshared edges of octahedra. Shoji (1974)
and Kobayashi & Shoji (1983) found that the d-value
of the (420) plane may be used to determine the
(H,0,) content in the hydrogrossular series.
Infrared (IR) studies of the series (Zabinski 1966,
Cohen-Addad et al. 1967, Moore ef al. 1971, Har-
mon et al. 1982, Kobayashi & Shoji 1983) addressed
the correlation between the position of the H-
absorption band and the (O,H,) content of the
hydrous garnet.

The work reported here provides a quantitative
relation between the unit-cell dimension and com-
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TABLE 1. CONDITIONS AND RESULTS OF SYNTHESES
Rmn Xpgr T°C P Days 28490 dang Vol,
(5 SEN cm¥mol
HA-1 10 270 1 27 33.10 2.7064
HA2 10 300 2 25 3316 27017
HA-3 1.0 301 4 21 33.15 2.7024
HA4 10 330 4 21 33.16 27017
HA-S 10 300 2 3312 2.7048
HA-6 10 298 1 % 33.14 27032
HA-8 1.0 332 1 45 33.16 27017
HA9 10 302 1 61 33.14 2.7032
2703 133.18
Vxs(0.00)
HB-1 08 370 1 41 3339 26836
HB-2 08 364 1 26 3343 26805
HB-4 08 30 4 21 3341 2.6820
HB-§ 08 409 1 31 3338 26844
HB-7 08 3 2 63 3341 2.6820
2.683 13025
Vxs(-143)
HC-1 075 31 1 26 3346 26781
HC-3 075 372 1 42 3344 267197
HC4 075 400 1 28 3346 26781
2,679 129.67
Vixs(-1.63)
HD2 06 420 4 20 3354 26719
HD-3 06 450 1 16 3356 26704
HD4 06 409 1 31 33.55 26711
HD§ 06 440 1 61 33.56 26704
2671 128.51
Vas(-1.
HE-1 04 450 1 35 3364 26642, 169
HE-3 04 458 1 33.65 26634
HE-4 04 482 2 18 3368 26611
HE-6 04 508 4 13 3365 2.6634
“
Vzs(-1.
HE-1 375 460 1 26 33.67 26619
HE-2 375 511 1 24 3370 26596
HE-3 375 500 1 31 33.69 26604
2.661 12107
Vxs(-1.40)
HG-1 02 562 1 31 33.76 26550
HG2 02 558 1 4 33.76 26550
HG-3 02 4 13 33.76 2.6550
HGS 02 599 2 14 33.77 26542
HG7 02 1 47 33.74 26565
2,685 12621
Vas(-0.94)
HH8 00 745 1 16 33.79 26527
HHS 00 748 1 12 3381 26512
HH-12 00 599 2 14 3384 2.6489
HH-13 00 45 4 11 3384 2.6489
HH-14 00 651 1 25 3380 26520
HH-16 00 602 1 25 3382 2.6504
MEAN 2651 12564
Vxs(0.0)
Note: HOr represents CagAly(Si04)204Hy; Gr = CagAly(SiO,)3, xggr = mols fraction HOr in
solid solution, Molar volume in cm3/mols, Vxs = excess molar volume of mixing in cm3fmol,

position, and uses X-ray photoelectron spectroscopy
analysis to examine the correlation between compo-
sition and binding energy of the core electrons of Si,
O, and Al.

EXPERIMENTS

Members of the solid-solution series of
Ca;Aly(Si0,);_(H,0,), (x=0, 0.2, 0.375, 0.4, 0.6,
0.75, 0.8, 1.0) were synthesized from oxide mixtures
of CaO, Al,0,, SiO, and H,0. Five-gram batches
of an oxide mixture were prepared for each solid
solution, then ground by hand under alcohol for at
least 2 hours. For each synthesis, a sealed gold
capsule containing between 10 and 30 mg of oxide
mixture and excess distilled water (30 to 50 wt.%)
was held at a temperature between 270 and 745°C
and a pressure between 1 and 4 kbars for 14 to 40
days (Table 1).

The product of each synthesis experiment was
examined with the optical microscope and X-ray

powder diffraction (XRD). Some products were exa-
mined with a scanning electron microscope and elec-
tron microprobe. Only products consisting of a single
homogeneous phase were used for further analysis
by XRD and XPS (X-ray photoelectron spec-
troscopy).

The d-value of the (420) plane was measured by
XRD using CuKa radiation. The silicon peak at
28.47 20° was used as an internal standard. With a
scanning rate of ¥ degree 26 per minute, the mean
of three scans with increasing 2¢ and three with
decreasing 26 was taken to yield the recorded meas-
urement for each product.

For XPS analysis, the photoelectron spectra of
0'S,,, Si?P;,, and AI’P;,, were measured with a
Varian IEE~15 spectrometer using MgKo X rays as
the exciting radiation. Fine powders of the samples
were thinly dusted onto 3M tape (see Jorgensen 1971,
for techniques). The carbon IS line at 284.0 eV
(Jorgensen 1971) was used as the reference for the
scale of binding energies, which are reproducible to
within +0.1 eV, Sample scans were averaged over
7 scans for O'S,,, 100 scans for AI’P;,, and 50 scans
for SiP;,,.
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FiG. 1. Relation between djyy and composition of the gros-
sular - hydrogrossular solid solution. Vertical line seg-
ments show the range of measured values. The curve
represents a least-squares fit to the weighted means of
the measurements with djye= 2.651 + 0.028%xyq, -
0.0180x2HC,, + 0.041 lstG,.
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FiG. 2. Relation between molar volume and composition
of the grossular - hydrogrossular solid solution. Two
fits to the data are presented. The symmetric solution
model with Wy = -6.718 cm3mol™! is shown dashed,
and the asymmetric fit with Wv,, = -3.507 and Wv,,
= -9.700 cm3mol! is shown as a solid curve. See text
for equations and discussion.

RESULTS AND DISCUSSION

The conditions of synthesis and physical proper-
ties of the synthesized hydrogrossular series are listed
in Table 1. There is an approximate upper-
temperature limit to the production of single-phase
hydrogrossular solid-solution at each composition.
For a given starting composition, additional phases
formed with the hydrogrossular at the higher
temperatures. There appears to be no effect due to
pressure of synthesis. Single-phase hydrogrossular
solid-solutions were obtained at temperatures below
300°C for xyg, = 1, below 370°C for xyg, = 0.8,
below 430°C for xyg, = 0.6, below 470°C for xyg,
= 0.4, and below 520°C for xys = 0.2. End-
member grossular can be synthesized over a temper-
ature range from 600 to 795°C.
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FiG. 3. The excess volume of mixing of the grossular —
hydrogrossular series. Two regression fits have been
made to the data. The dashed represents the symmet-
ric model, and the solid curve, the asymmetric model.
See caption for Fig. 2 and text for details.

TABLE2. CHEMICAL SHIFTS IN BINDING ENERGIES OF O, AL, AND Si

Aluminom

XnGr # #2 Avg #1 #2 Avg 81 # Avg

00 13 0.6 095 21 27 24 50 46 48
02 0.7 09 080 22 22 22 45 46 4.55
04 04 06 050 18 24 21 43 42 425
06 04 02 030 24 22 230 42 40 41
08 02 02 020 22 26 24 4.1 41 4.1

10 03 04 005 15 20 175 32 490 36

Note: Xyycy = mole fraction hydrogrossular, XPS Data, electron volts, #1 and #2 are separato
measurements an the same sample,

The value of djy, (Table 1) increases with increas-
ing (O,H,) content, expressed by a least-squares fit:

Ay =
2.651 + 0.0289xyg, - 0.0180)(2,%,r + 0.0411x3HGr

(Fig. 1). In this expression, Xy, is the mole fraction
of the hydrogrossular end-member
[Ca;AL(Si0)(0,H,)] defined by the structural
formula YICa,YTAL('VSiO,);_(O,H,),. This expres-
sion may be used to derive the volume of the unit
cell in A3 and the molar volume in cm?® per mole
(Fig. 2).

The relationship between molar volume and
composition (Table 1, Figs. 2, 3) is nonlinear,
indicating that the hydrogrossular series is a nonideal
solid-solution. The excess volume (Vxg) may be
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FiG. 6. Relation between chemical shifts and mole fraction
hydrogrossular [Ca;Aly(SiO4),(O4H)1. (a) Si?Ps,y; (b)
ols,,.

defined by Vxs = Vss = Vor + Xue(Var = Vo
where xyg, is the mole fraction of the
Ca;Aly(Si0,),(0O4H,) component, and Vg, and Vi,
are the molar volumes of the end members of the
series. The values of Vg and Vg calculated from
experimental measurements are shown in Table 1.
For the regular-solution model, Vxs = xgXug Wv.
The volume term in the symmetric excess function,
Wv, is -6.718 cm? per mole on the basis of a least-
squares fit to the excess-volume data of Table 1.
Figure 3 illustrates the symmetric model (dashed
curve). Alternatively, the volume data may be fit-
ted more closely with an asymmetric model, where
Vs = Xouee WV + XoiXug WV, with Wvy =
-9.700 and Wv,, = -3.507 cm®mol . This model is
illustrated in Figure 3 (solid curve). Because the sym-
metric (regular) solution model produces residuals
that are well outside the precision of measurement,
we favor the asymmetric model, which gives residuals
approximately equal to the experimental precision
of measurement.

XPS measurements show that the binding energies



THE GROSSULAR-HYDROGROSSULAR SERIES

of the core electrons of Si and O decrease with
_increasing hydroxyl content (Table 2, Figs. 4, 5).
Regression equations describing the chemical shifts
are plotted in Figure 6. Quadratic expressions have
been fitted because of the quadratic behavior of the
volumetric properties, although the XPS data do not
warrant more than a linear fit. There is no measura-
ble shift of binding energies of the Al core electrons
in the solid solutions studied.

In interpreting the XPS results it is important to
note that both the XRD and the XPS peak shifts are
averages over a very large number of unit cells. The
enlargement of the unit cell due to hydroxyl substi-
tution (Fig. 2) can be correlated mainly with the
larger size of the OH-bearing *‘tetrahedral’’ groups
(Lager ef al. 1987). Similarly, the shifts in XPS peaks
reflect a change in the proportions of SiO, and
O,H, groups.

Because the shift of the XPS O!'S,, photoelectron
peak is an average over all the oxygen atoms in the
structure, the decrease in the binding energy of
O!S,, with increase in (O,H,) content may be
correlated with the increasing average distance
between oxygen and other atoms as reflected by the
measured expansion of the unit cell. The minimal
change in the Al-O distance in the octahedra with
the change in composition (1.924 A versus 1.916 1&,
Lager ef al. 1987) corresponds with the small change
in the binding energies of the core electrons of the
Al atoms.

CONCLUSIONS

The results of XRD and XPS analyses show
parallel monotonic changes in the d-value of the (420)
plane, the molar volume and the binding energies of
Si and O core electrons with (O H,) content in the
hydrogrossular series. These effects are what might
be expected with the progressive loss of average
bonding energy as fewer tetrahedral sites are
occupied by Si**. The compositions and molar
volumes of members of the hydrogrossular series
may be calculated from XRD measurements using
regression equations given in the text, with a preci-
sion of approximately 3 mole % HGr when d(420)
is- measured with a precision of 0.001 A.
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