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Abstract

In this paper we report a reinvestigation of the network organization in aluminophosphate glasses. Samples were prepared along the
50K,0-xA1,035~50 — x)P,O5 composition line with 0 < x < 20%. The evolution of the glass structure upon alumina incorporation into
the phosphate network is monitored employing a combination of advanced solid state NMR strategies including *'P{?>’Al}-CP-HET-
COR NMR, *'P{*’Al}-REAPDOR NMR, *’Al{*'P}-REDOR NMR and 2D *'P-J-RESolved NMR spectroscopy. Details of the
employed NMR protocol are given elsewhere. The network organization on intermediate length scales as a function of the alumina con-
tent is then described employing a modified Q notation, Q) 4, , Where n denotes the number of connected tetrahedral phosphate, m gives
the number of aluminate species connected to a central phosphate unit and x specifies the nature of the bonded aluminate species (i.e.,

AlOy4-, AlOs- or AlOg-species).
© 2007 Elsevier B.V. All rights reserved.

PACS: 61.18.Fs; 61.43.Fs; 61.66.Fn
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1. Introduction

Phosphate based glasses are involved in a wide variety of
technological applications including biomaterials [1], seal-
ing glasses [2], anti-oxidation coatings or as confining matri-
ces for nuclear waste material [3], all of which benefit from
the low glass transition temperature (7,) values or from the
high thermal expansion coefficient of the phosphate net-
work. However, pure phosphate glasses suffer from a poor
chemical durability which severely impedes their straight-
forward application. The addition of co-oxides, e.g. Al,O3
or B,0O3, has been shown to considerably increase the chem-
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ical durability of the phosphate based glasses [4,5], espe-
cially improving the resistance against moisture attack.
The incorporation of alumina to the phosphate glasses is
supposed to induce some cross-linking between the phos-
phate chains via the formation of Al-O-P linkages, hence
increasing the stiffness of the glass network. Although a
large number of papers has been devoted to the structural
characterization of aluminophosphate glasses [6-11] a con-
cise structural model is still lacking. In the majority of the
published data, solid state Nuclear Magnetic Resonance
(NMR) spectroscopy has been utilized as the analytical
tool. Employing *’Al{(MQ)MAS NMR spectroscopy a
quantitative site speciation of the different aluminate species
present in the glass system, i.e., aluminium in tetrahedral,
pentahedral or octahedral (AlOy4, AlOs or AlOg) coordina-
tion becomes possible. The poor resolution of the *'P-MAS
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NMR spectra, which are often characterized by broad and
overlapping signals, can be drastically improved when
resorting to CP-HETCOR [12,13] spectroscopy, as shown
by Egan et al. [8]. In a recent paper [11] we employed a
set of advanced solid state NMR strategies to study the net-
work organization in aluminophosphate glasses on interme-
diate length scales. Employing 2D homo- and heteronuclear
correlation techniques, a complete and unambiguous phos-
phate speciation could be accomplished for a model alu-
minophosphate glass of composition 50K,O-10A1,03—
40P,0s. *'P{*’Al}-CP-HETCOR and *'P{*’Al}-HMQC
NMR experiments were employed to construct a complete
correlation map. These techniques allow the distinction
between different phosphate sites via the coordination state
of the connected aluminium. The number of phosphate
moieties connected to octa-, penta- or tetrahedral alumin-
ium can then be deduced from the 2D spectra. In addition,
3p{27Al}-REAPDOR (Rotational Echo Adiabatic Passage
Double Resonance) NMR [14] spectroscopy provides the
number of aluminate polyhedra connected to each phos-
phate species. Finally, J-RESolved NMR experiments
[15,16] allow for the determination of the number of phos-
phate tetrahedra connected to each phosphate species. The
combined results then lead to a complete description of the
network organization of the investigated glass structure
using a Q;, 4o, notation where n denotes the number of con-
nected phosphate, m indicates the number of connected alu-
minate polyhedra and x identifies the coordination state of
the connected aluminium. In addition, the chemical envi-
ronment of the individual aluminate species can be charac-
terized employing >’Al{*'P}-REDOR (Rotational Echo
Double Resoance) NMR [17].

In the current paper, this NMR protocol is utilized for
an extended in depth study of the effect of aluminium
incorporation into the phosphate network in potassium
metaphosphate glasses of general composition 50K,0-—
xAl,O3—(50 —x)P,0s, in which the alumina content was
varied in the range (2.5 < x < 20). The results enable us
to discuss the changes in the network organization of phos-
phate glasses upon addition of alumina in considerable
detail, indicating different structural motifs on intermediate
length scales for alumina-poor and alumina-rich glasses.

2. Experimental procedures
2.1. Synthesis

50K,0-xAl,03+(50 —x)P,Os glasses were prepared
employing the standard melt quenching technique. Mix-
tures of appropriate amounts of reagent grade K,COs,
Al(OH); and (NH4),HPO, (to obtain 10 g of glass) were
heated slowly to 600 °C (1°/min) in an electric furnace to
remove H,O, NH; and CO,. The batch was then directly
melted in a Pt crucible during 20 min, before being
quenched between two copper plates to obtain colorless
and transparent glasses. The melting temperature (in the
range of 900-1300 °C) was optimized for each composition

to avoid P,Os volatilization. As weight losses (Am/m)
proved to be less than 3% in all cases, the compositions
given are batch compositions. Some glasses were also syn-
thesized from a mixture of K4P,0;, Al,O3 and P,Os. These
mixtures were prepared in a glove box to avoid any reac-
tion with moisture and then directly heated at the melting
temperature in a covered Pt crucible. The glass transition
temperatures were measured with a differential scanning
calorimeter at a heating rate of 10 °C/min with an esti-
mated error of 10 ° C. In Table 1, a compilation of the
synthesis parameters and 7, values can be found.

2.2. Solid state NMR

All the different NMR measurements were recorded on
a Bruker DSX 400 NMR spectrometer operating at 9.4 T
employing a 4-mm triple resonance probe with resonance
frequencies of 104.2 MHz and 161.9 MHz for *’Al and
3P, respectively. Radio frequency fields (vgp) were typi-
cally set to 100 kHz for *'P and 35kHz for ?’Al with
MAS (Magic Angle Spinning) at 15 kHz. For the 2D
3'P{27Al}-CP-HETCOR NMR experiments rather weak
matching v, fields [18] (approx. 8 kHz for *'P and
6.5 kHz for ?’Al; optimized for each sample) have to be
used to warrant an efficient cross polarization step. In the
J-RESolved experiment [15,16] the signal, obtained
through a z-filtered spin echo (n/2-t,/2-n—t,/2), is modu-
lated by the homonuclear scalar interaction. The resulting
2D spectrum exhibits a multiplet structure resulting from
the resolved homonuclear J-coupling in the indirect dimen-
sion from which the number of connected phosphate spe-
cies can be evaluated. *'P{*’Al}-REAPDOR NMR [14]
and ’Al{’'P}-REDOR NMR experiments [17] were
employed to study P-O-Al connectivity by an exploration
of the Al-P heteronuclear dipolar coupling. In REDOR,
the results from a rotor-synchronized spin-echo experiment
for the observed (S) nuclei, defining the full echo intensity
Sy, are compared to spectra resulting from an experiment
in which the heteronuclear dipolar coupling between nuclei
S and I has been reintroduced by the action of rotor-syn-
chronized =w-pulses (I-channel) in addition to the S-spin
spin-echo pulses. The difference of the spectra from the
two experiments then only contains contributions from S
nuclei experiencing a dipolar coupling to I nuclei. The mag-
nitude of the REDOR effect depends on the strength of the
dipolar coupling and the dipolar evolution time, the latter
of which can be controlled by the number of rotor cycles
and the MAS frequency. In the case of quadrupolar nuclei
as the dephasing I nuclei (as is the case with ?’Al), REAP-
DOR, a variation of REDOR, provides a more efficient
dephasing through the application of a long I channel pulse
(one third of a full rotation period) in the middle of the
pulse sequence. For an analysis of the resulting REAP-
DOR and REDOR curves, the simulation package SIMP-
SON was used [19], employing internuclear distances (from
crystalline model compounds) as input parameters to eval-
uate the number of aluminate species connected to a given
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Table 1
Synthesis parameters for the KAIP_x glasses
Sample K,0 (mol%) Al,O3 (mol%) P,Os5 (mol%) Tm tm Am/m Ty
KAIP_2.5 50 2.5 47.5 900 15 2.5 278
KAIP_5 50 5 45 1000 15 3.0 303
KAIP_7.5 50 7.5 42.5 1000 15 0.8 331
KAIP_10 50 10 40 1000 20 2.1 349
KAIP_12.5 50 12.5 37.5 1050 20 2.0 350
KAIP_15 50 15 35 1100 25 1.2 349
KAIP_17.5 50 17.5 32,5 1150 20 0.8 nm
KAIP_20 50 20 30 1300 25 1.2 310

The error on the T, values is estimated to £10 °C. The melting (7,) and glass transition (7}) temperatures are given in °C; melting time (#,,) is given in

minutes and the weight loss (Am/m) in %.

phosphorous site with *'P{*’Al}-REAPDOR NMR and
the number of phosphate species connected to a central
aluminate species with 2’Al1{*'P}-REDOR NMR spectros-
copy. For further details of the individual NMR experi-
ments, the reader is referred to [11].

3. Results
3.1. Thermal analysis

The evolution of the glass transition temperature with
increasing Al,O3 content is reported in Fig. 1. Addition
of Al,Os first induces an almost linear increase in T, reach-
ing a plateau at 350 °C for 10% Al,Os3. For the extreme
Al O; rich glass sample KAIP_20, a decrease in T, is
observed. The observed behavior for potassium alumino-
phosphate glasses mirrors that of sodium aluminophos-
phate glasses [8,21] and other mixed phosphate glass
networks (e.g. vanadophosphate glasses [22]). The increase
in T, for moderate alumina content has been ascribed to a
cross-linking of the phosphate chains involving AlOg
bridges.

360 I I I
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240+

Glass transition temperature (°C)

200

10 15 20
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Fig. 1. Glass transition temperatures of the KAIP_x glasses as a function
of Al,O; content. The value for the pure metaphosphate glass was taken
from Ref. [20].

3.2. 27 Al-(MQ)MAS and ' P-MAS NMR

The *’Al-MAS and *'P-MAS NMR spectra are com-
piled in Fig. 2. From the *’AI-MAS NMR experiments
(Fig. 2(a)) the presence of all three coordination states of
aluminium which can be found in a glass matrix can be
inferred: AlO¢ (—18 ppm), AlOs (10 ppm) and AlO4
(45 ppm). For low Al,O3 content, AlOg species represent
the dominating aluminium environment. Increasing the
alumina content of the glass samples leads to a reduction
in the amount of six-coordinated aluminium, accompanied
by an increase in the fraction of tetrahedrally coordinated
aluminium, which constitutes the dominating species at
high alumina content. This trend is in good agreement with
previous studies of the aluminium speciation in alumino-
phosphate glasses [6-10]. At low Al,O5 content the phos-
phate network is mainly formed by Q'-species and charge
balancing of the aluminophosphate network favors the
AlOg coordination (as in the KAIP,O; structure [23]); at
higher Al,O5; content, the phosphate network is mainly
constituted by isolated orthophosphate species (Q°) and
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Fig. 2. ??AI-MAS (a) and *'P-MAS NMR spectra (b) for the KAIP x
glasses (2.5 < x < 20).
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charge balance is maintained if aluminium is in tetrahedral
coordination (as in the K;Aly(POy); structure [24]). The
turnover from a AlOg dominated glass structure to a
AlO4 dominated glass structure occurs for the KAIP_10
glass sample which has a O/P ratio of 3.5. The *’Al
NMR parameters (dis0, Cq, rel. fraction of the individual
sites), as determined from the *’Al-MAS NMR or
2’Al-MQMAS NMR spectra (not shown) are collected in
Table 2.

The *'P-MAS NMR spectra are plotted in Fig. 2(b). At
low Al,O5 content (KAIP_2.5 and KAIP_5), three different
resonances can easily be distinguished around O ppm,
—10 ppm and —20 ppm. The two signals at 0 ppm and
—20 ppm are indicative of the two pure phosphate species
Q(l) and Qé as found in binary alkali phosphates [25]. The
resonance around —10 ppm then has to be assigned to
phosphate species connected to one or more aluminate
species. Unfortunately, the poor resolution prevents an
unambiguous deconvolution and hence a determination
of the number of mixed alumophosphate species and their
quantification proves impossible without any further
information. The intensity of this signal increases with
increasing alumina content up to the KAIP_10 glass com-
position, supporting the assignment to mixed alumino-
phosphate species. For the highest Al,O; contents
(glasses KAIP_17.5 and KAIP_20), two resonances at 3
and —6 ppm are observed. This limited spectral resolution,
especially in the spectra of the glass samples of medium
alumina content, impedes a detailed analysis of the struc-
tural changes in the phosphate network upon alumina
incorporation based on the *'P-MAS NMR spectra alone
and we have to resort to heteronuclear correlation tech-
niques (as described in [8,9,11]) to increase the spectral
resolution.

3.3. 7' P{?7Al}-CP-HETCOR NMR
3'P{?’Al}-CP-HETCOR NMR experiments for glass
samples KAIP_5, KAIP_7.5, KAIP_10, KAIP_15 and

KAIP_20 are compiled in Fig. 3. The spectra on the right
represent slices parallel to the direct dimension (F2) taken

Table 2
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at the position of AlOg (i), AlOs (ii) and AlOy (iii). For low
alumina contents, the 1D slices taken from the CP-HET-
COR spectra are dominated by the signals of five different
phosphate units which experience spatial proximity to alu-
minate species. We find two signals at —7.8 ppm and
—16.2 ppm from phosphate groups which are connected
to AlOg moieties, a signal at —8.2 ppm, accompanied by
a shoulder at —15.7 ppm for phosphate species with con-
nection to penta-coordinated aluminium and a single *'P
signal, indicative of a phosphate unit with connection to
AlO4 at —11.5 ppm. With increasing amount of alumina
up to 10% (KAIP_10 sample) the same sites are resolvable
with only minor deviations in chemical shifts (i.e.,
—7.4 ppm / —15.7 ppm for the phosphate species connected
to AlOg, —8.1 ppm / —15.1 ppm for those with spatial
proximity to AlOs and —11.1 ppm for the phosphate unit
with connection to AlO,), accompanied by a considerable
increase in the relative fraction of the signal at
—11.1 ppm. Dramatic changes in the phosphate site speci-
ation, however, can be observed if the alumina content is
increased above 10%. The intensity for the two sites con-
nected to AlO¢ and AlOs centered around —16 ppm con-
siderably decreases and a new signal at —5.9 ppm in the
slices taken at the position of AlQ, is becoming observable.
Upon further increase of the alumina content this signal
evolves as the dominant contribution, accompanied by a
new signal at +3 ppm for the KAIP_20 glass, again repre-
senting phosphate species with spatial proximity to AlO4
units.

The results of the CP-HETCOR NMR experiments —
the separation of the signals for phosphate species bonded
to different aluminate polyhedra — can now be employed to
accurately identify and quantify the different phosphate
species contributing to the overall broad *'P-MAS NMR
signal (cf. Fig. 2(b)). The signal positions and line width
for the individual signals identified in slices i, ii and iii of
the 2D CP-HETCOR NMR spectra were taken as input
parameters for a detailed line fitting procedure of the 3'P-
MAS NMR spectra employing the DMFIT software [26].
The relative proportions of the different phosphate species
(including Q(]), Q(z) and the phosphate species connected to

27Al NMR parameters for the KAIP_x glasses as obtained from 2’ AI-MQMAS (samples KAIP_7.5, KAIP_10, KAIP_12.5, KAIP_15) or >’Al-MAS NMR

(KAIP_2.5, KAIP_S, KAIP_20)

Sample AlO, AlOs AlOg¢
% Jiso/pPpm SOQE/MHz % Siso/ Ppm SOQE/MHz % Siso/ Ppm SOQE/MHz

KAIP 2.5 21° 45.7° - 18% 14.5° - 61° —13.9° -

KAIP_5 25% 46.5° - 212 14.4° - 542 —13.7° -

KAIP_7.5 29 50.8 3.2 21 18.0 3.8 50 —11.2 2.6
KAIP_10 45 49.5 34 32 184 4.1 23 -10.8 3.2
KAIP_12.5 65 51.2 3.5 19 19.5 3.6 16 —10.1 238
KAIP_15 75 50.9 3.7 16 19.1 3.8 9 -9.7 3.3
KAIP_20 952 48.9° - - - - 5 —7.9° -

2 Relative fractions determined by an integration of the individual >’ AI-MAS NMR lines.

® Position of peak maximum in ’AI-MAS NMR spectrum.
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Fig. 3. 3'P{*’Al}-CP-HETCOR NMR experiments for glass samples KAIP_5 (a), KAIP_7.5 (b), KAIP_10 (c), KAIP_15 (d) and KAIP_20 (e). Spectra on
the right of each 2D spectrum represent slices parallel to the direct dimension (F2) taken at the position of AlOg (i), AlOs (ii) and AlOy (iii).

Table 3

Results from a DMFIT [26] analysis of the *'"P-MAS NMR spectra of the KAIP_x glasses with the line widths and positions as determined from the CP-
HETCOR experiments taken as input parameters

KAIP_x Q;, AlOs/s Q;, AlOs/s Q;,, AlO, Q). AlO, Q). AlO, Q 0
5/ppm -8 —16 —12 -6 3 -18 0
2.5 15 11 - - - 72 2
5 29 12 10 — - 44 5
7.5 30 22 15 - - 27 6
10 30 18 34 - - 11 7
12.5 33 - 36 9 - 10 12
15 8 34 34 2 10 12
17.5 - - 13 74 8 - 5
20 - - 78 22 - -

The numbers given represent the relative fraction of the individual lines given in %.
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AlOg¢-, AlOs- or AlO4-moieties) present in the amorphous
network were analyzed for each sample and reported in
Table 3.

Since the high spectral resolution achieved in the CP-
HETCOR spectra does not prevail in the one-dimensional
3P spectra (*'P-MAS or *'P{*’Al}-REAPDOR NMR,
vide infra), the two signals identified at —7.4 ppm and
—8.1 ppm and the two signals at —154ppm and
—16.2 ppm were treated as a single signal each, since a
meaningful deconvolution seems not possible in the 1D
spectra.

According to the CP-HETCOR results, at very low alu-
mina content the aluminophosphate network is predomi-

S. Wegner et al. | Journal of Non-Crystalline Solids 354 (2008) 1703-1714

nantly constituted by the two pure phosphate species Qé
and Q(l) in combination with two phosphate species con-
nected to AlOg¢ units and two phosphate species connected
to AlOs units. At higher alumina content, Q; and the two
sites at —16 ppm connected to AlOs; and AlOg units,
respectively, decrease in favor of a new AlO4 connected
phosphate site at —5.9 ppm. With further Al,O; addition,
the only aluminium coordination present is AlOy4, con-
nected to two different phosphate species with chemical
shifts of 3 ppm and —6 ppm. Having identified the number
of the different phosphate moicties present in the glass
matrix as well as the coordination state of the connected
aluminium (x in the Q) ,0 ), the next step in a detailed
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Fig. 4. 2D *'P-J-RESolved NMR spectra for KAIP_5 (a), KAIP_7.5 (b), KAIP_10 (c), KAIP_15 (d) and KAIP_20 (e).The 1D spectra on the right of each
2D spectrum represent slices parallel to the indirect (F1) dimension at the indicated positions giving the multiplet structure.
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characterization of the structural motifs on intermediate
length scales is the analysis of the number of chemically
bonded phosphate and aluminate species (n and m in the
Q) 10, Notation). The values for n can be determined by

2D *'P-JRESolved NMR spectroscopy, m becomes accessi-
ble employing *'P{*’Al}-REAPDOR NMR spectroscopy,
the results for both will be discussed in the next two
paragraphs.

3.4. 7' P J-RESolved NMR spectroscopy

The *'P J-RESolved technique enables the determina-
tion of the condensation degree of the phosphate species
present in the glass matrix (n in the Q) 4, notation). 2D
3Ip_J-RESolved NMR spectra for the samples KAIP_5,
KAIP_7.5, KAIP_10, KAIP_15 and KAIP_20 are collected
in Fig. 4. The one-dimensional spectra on the right of each
2D spectrum represent slices parallel to the F1 axis (indi-
rect dimension) at the indicated positions. From the
resolved multiplet structure in these slices we can now
determine the condensation degree of the phosphate species
in question.

For sample KAIP_5, two resolved doublets for the sig-
nals at 0 ppm and —8 ppm, indicative of Q' environments
(i.e., a phosphate species connected to one further phos-
phate group) and one triplet for the signal at —20 ppm,
characteristic of a Q7 site, can be identified. Likewise, for
samples KAIP_7.5 and KAIP_10, the spectra indicate
resolved doublets for the signals at 0 ppm, —8 ppm and
—12 ppm, indicating a Q' structure for all three sites.
Unluckily, for the signals around —16 ppm (connected to
AlOs or AlOg units, vide supra), we were not able to iden-
tify any resolved multiplets due to the severe spectral over-
lap with the triplet signal from the Qé site at approx.
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—18 ppm. For the signals observed in the high alumina
samples (i.e., the signals at —6 ppm and +3 ppm, both of
which exhibit connectivity to tetrahedral aluminate spe-
cies), singlets can be observed in the JRESolved spectra,
indicating Q° species.

3.5. %' P{?” AI};-REAPDOR NMR experiments

The *'P{?’Al}-REAPDOR NMR experiments were per-
formed to determine the number of connected aluminate
species to a given phosphorous site, i.e., m in Q) A,
Results for the REAPDOR experiments for glass saniples
KAIP_5, KAIP_10 and KAIP_20 are collected in Figs. 5-7.
All figures are arranged as follows. The top spectrum (i)
on the left side represents the full *'P echo signal Sy, gener-
ated by a train of rotor-synchronized *'P-n-pulses. Spec-
trum (ii) was obtained employing an additional *’Al
pulse of length t,/3 in the middle of the pulse sequence,
leading to a reduced signal intensity for those *'P signals
which originate from phosphorous sites with spatial prox-
imity to aluminate species. Spectrum (iii) then gives the dif-
ference of the above two experiments and contains only
contributions from phosphate species with a spatial prox-
imity to aluminate species. The result of a deconvolution
of these spectra employing the DMFIT [26] software is
shown in the bottom spectra (iv). The resulting REAP-
DOR evolution curves for the individual signals for the dif-
ferent glasses, obtained by a variation of the number of
rotor cycles, are given in Figs. 5(b), 6(b) and 7(b), in which
the symbols represent the experimental data and the solid
and dashed lines results from SIMPSON simulations. In
these simulations, we assumed a 2’ ALl->'P internuclear dis-
tance of 3.1 A for a P-O-AlO, linkage and a distance of
32 A for a P-O-AlOg linkage. These values were taken
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Fig. 5. 3p(27A1}-REAPDOR NMR data for glass KAIP_S. (a) top spectrum (i) represents the full 3P echo signal Sy, spectrum (ii) the3'P{¥7Al}-
REAPDOR NMR spectrum giving the reduced signal intensity S for the individual signals and (iii) gives the difference (i)—(ii). The deconvolution of (iii)
into the individual components is shown in (iv), (b) REAPDOR evolution curves for the individual signals together with the results of SIMPSON
simulations; full triangles: experimental data for the signal at —16 ppm; full circles: data for the signal at —8 ppm; dashed line: SIMPSON simulation
assuming a P-Al two spin interaction with a P-Al distance of 3.2 A; solid line: SIMPSON simulation assuming a P—Al, three spin interaction with P-Al

distances of 3.2 A.
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Fig. 6. (a) *'P{*’AI}-REAPDOR NMR spectra (16 rotor cycles) for glass KAIP_10. The arrangement of the spectra is the same as in Fig. 5.
(b) REAPDOR evolution curves for the individual signals at —8 ppm, —12 ppm and —16 ppm together with the results of SIMPSON simulations; full
squares: signal at —16 ppm; open squares: signal at —12 ppm; full circles: signal at —8 ppm; The lines are results of SIMPSON simulations assuming a P—
Al distance of 3.2 A and a P-Al, three spin interaction (solid line), a P-Al distance of 3.2 A and a P-Al two spin interaction (dashed line), and a P-Al

distance of 3.1 A and a P-Al two spin interaction (dash—dotted line).
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Fig. 7. (a) >'P{*’Al}-REAPDOR NMR spectra for glass KAIP_20. The arrangement of the spectra is the same as in Fig. 5. (b)) REAPDOR evolution
curves for the individual signals at +3 ppm (full circles) and —6 ppm (full triangles) together with SIMPSON simulations assuming a P-Al; four spin
interaction (solid line), a P-Al three-spin interaction (dashed line) and a P-Al two-spin interaction (dash—dotted line). A P—Al distance of 3.1 A was used in

the simulations.

from crystalline model compounds, i.e., KAIP,O; and
K3Al(POy);. For glass sample KAIP_S5, two different sig-
nals at —8 ppm and —16 ppm can be observed in the
REAPDOR difference signal. The absence of the signal at
0 ppm in the difference spectrum confirms the assignment
of this line to Qj species. As stated above, a deconvolution
of these two lines in two separate lines each (at —7.4 ppm
and —8.1 ppm or —15.4 ppm and —16.2 ppm, as found in
the CP-HETCOR experiments) proves to be not feasible
due to the severe overlap of the signals. The REAPDOR
evolution curves obtained for the site at —8 and —16 ppm

can now be compared to the results of the SIMPSON sim-
ulations. The solid line (Fig. 5(b)) was generated assuming
a P—Al, three spin system with P-Al distances of 3.2 A, the
dashed line represents results from a simulation assuming a
P-Al two spin system (i.e., one >’ Al nucleus in a distance of
3.2 A). Details of the SIMPSON simulations can be found
elsewhere [11]. Comparing the experimental data with these
simulations, the signal at —16 ppm can safely be assigned
to phosphate species connected to two hexa-coordinated
aluminate species, (i.., m =2 in the in Q, ,,, notation),
whereas the signal at —8 ppm has to be designated to phos-
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phate species experiencing a heteronuclear dipolar interac-
tion to only one single *’Al nucleus, thus m =1 in the
Q) 10, notation. The REAPDOR results for glass sample
KAIP 10 (cf. Fig. 6) confirm the assignment for the signals

—8 ppm and —16 ppm. In addition, a third component
at —11.1 ppm can be identified in the REAPDOR differ-
ence spectra (spectrum (iii) in Fig. 6), which originates
from phosphate moieties connected to AlO, units, as
exemplified by the CP-HETCOR results. The SIMPSON
simulations for this species are compatible with the
assumption of a single P-O-Al connection with a distance
of 3.1 A, ie., m=1in the Q] 5o notation.

For the two phosphate species responsible for the two
signals at +3 ppm and —6 ppm, discernable in the REAP-
DOR difference spectrum of KAIP_20 (cf. Fig. 7, spectrum
(ii1)), the SIMPSON simulations indicate the presence of
one neighboring tetra-coordinated aluminate species for
the phosphate species resonating at 3 ppm (m=1) and
three neighboring aluminate tetrahedra for the second
phosphate species (m = 3).

From the combined results of the experiments pre-
sented, a decisive description of the structural motifs on
intermediate length scales employing the modified Q nota-
tion becomes possible. As an example, for the phosphate
species responsible for the signal at —8 ppm, we identify
n =1 from the JRESolved NMR experiment, m = 1 from
the *'P{*’Al}-REAPDOR-NMR experiment and x =6
from *'P{*’Al}-CP-HETCOR NMR experiments, leading
to an assignment as Q| Alo,- The final assignments for all
identified signals are collected in Table 4.

3.6. 74l P'P}- REDOR NMR experiments

The *’Al{*'P}-REDOR NMR experiments were per-
formed to analyze the number of neighboring phosphate
polyhedra around a central AlO, unit. In Figs. 8§ and 9
the results for glass samples KAIP_5 and KAIP_12.5 are
collected. The arrangement of the spectra mirrors that of
the REAPDOR results given before. A pronounced
REDOR effect indicating spatial proximity to phosphate

Table 4
Phosphate speciation Qj 4, deduced from the NMR experiments
5iso/ ppm Q;
-18 Q§
0 Q(l)
-8 Q{.Aloﬁ
—-16 Q%,AlOb
=7 Q{.AIO5
—15 Q%,AIOS
—-12 Q(l).AlO4
—6 Q%,AIO4
3 Qj A0,

n (the number of connected phosphate polyhedra) is evaluated from the
31p J-RESolved NMR experiments; m (the number of connected alumi-
nate polyhedra) is determined from the *'P{*’Al}-REAPDOR NMR
experiments; x (specifying the nature of the connected aluminate species) is
taken from the *'P{*Al}-CP-HETCOR NMR spectra.

polyhedra is observed for all three different AlO, species
present in the glass sample. The REDOR evolution curves
are compiled in Figs. 8(b) and 9(b). Full triangles represent
AlOg units, open squares AlOj5 species and full circles AlOy
moieties.

The lines are the results from SIMPSON simulations
assuming Al-P multiple spin systems (AlP, three-spin inter-
action, AlP, five-spin interaction and AIP¢ seven-spin inter-
action). Although the S/N ratio proves to be somewhat
limited, especially for the AlO4 coordination in the KAIP_5
sample and the AlO¢ coordination in the KAIP_12.5 glass
sample, the results indicate a full coordination of the differ-
ent aluminate species by phosphate species, i.e., AlOQ4 is con-
nected to four, AlOs to five and AlOg to six phosphate
polyhedra, thereby fulfilling the Loewenstein rule [27] which
prohibits a direct AI-O-Al connectivity for tetrahedrally
coordinated aluminate species. A comparison of the experi-
mental REDOR curves with published data on crystalline
Al(PO3);3 (Al(OP)g structure) and AIPO4 (Al(OP),4 structure)
[28] supports the above assignment.

4. Discussion

The combined results of the *'P{*’Al}-CP-HETCOR-,
2D 3'P-J-RESolved- and *'P{*’Al}-REAPDOR-NMR
experiments presented above, accumulating in the assign-
ment Q) ,o to the various identified phosphate species
and the 2’Al{*'P}-REDOR NMR results identifying the
intermediate range ordering around a central AlO, species
as Al(OP)4, Al(OP)5 and Al(OP)s now allow for a detailed
description of the network organization in aluminophos-
phate glasses as a function of the alumina content.

Low AL Os content glasses: A phosphate network built
from infinite chains of phosphate tetrahedra connected to
two other phosphate polyhedra (Qé, as in a pure metaphos-
phate glass) marks the starting point for our discussion.
Insertion of small amounts of alumina to the glasses leads
to a depolymerisation of the phosphate network and thus
induces the formation of different Q' sites. The two princi-
pal phosphate moieties identified by CP-HETCOR and
characterized by REAPDOR and J-RESolved spectros-
copy are connected to AlOg¢ species, which is the main alu-
minium coordination state at low Al,O; content: one is
only connected to a single AlOg octahedron (Ql Al0g)» the
second one is connected to two AlOg units (Q Alog)- Other
Q1 species connected to penta- and tetrahedral aluminium
can also be observed, but their relative fractions are rather
low and therefore they will not pose a significant implica-
tion for the glass structure. Apart from the Qj, Qi<A106
and Qé.moﬁ sites Q; species are also present in the glass
matrix. >'P-BABA (Back to back) [29] as well as INADE-
QUATE (Incredible Natural Abundance DoublE QUAn-
tum Transfer Experiment) experiments [30] performed on
the KAIP_7.5 glass sample (not shown) indicate that all
these Q' sites are consumed for the termination of Q2
chains and not involved in pyrophosphate groups. From
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Fig. 8. (a) Z’Al{*'P}-REDOR NMR spectra for glass KAIP_5 (1 = 1.4 ms). The top spectrum (i) represents the full Al echo signal defining S, for the
individual signals; spectrum (ii) the ”’Al1{*'P}-REDOR-NMR spectrum giving the reduced signal intensities S for the individual signals and (iii) constitutes
the difference (i)—(ii); (b) REDOR evolution curves for the individual signals for AlO4-(full circles), AlOs-(open squares) and AlOg-units (full triangles)
together with the results of SIMPSON simulations assuming P-Al, multiple spin interactions (dash—dotted line: AIP,; dash—dotted—dotted line: AlP,4; solid

line: AlPg).
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Fig. 9. (a) ZAl{*'P}-REDOR NMR spectra for glass KAIP_12.5 (t = 1.4 ms). The arrangement of the spectra resembles that of Fig. 8(a). (b) REDOR
evolution curves for the individual signals for AlO4-(full circles), AlOs-(open squares) and AlOg-units (full triangles) together with the results of SIMPSON
simulations assuming P-Al, multiple spin interactions (dash—dotted line: AlP,; dash—dotted—dotted line: AlP4; solid line: AlPg).

the relative fractions of the different Q] ,_ units (cf. Table
3) and AlO, species we can further characterize the local
AlO, environment: AlQg is connected to two Q) and four
Q{ species, whereas AlOy is connected to four Q% moieties.
The main local phosphate structural motifs as found in the
low alumina glasses are depicted in Fig. 10(a), an extended
network fragment incorporating the 2’Al{*'P}-REDOR
NMR results is sketched in Fig. 10(b). The compliance of
the observed phosphate and aluminate site speciation with
the composition can be checked as follows. Assuming the
applicability of Loewenstein’s rule as indicated by the
2’A1{*'"P}-REDOR NMR results we need 53 phosphate
polyhedra to fully coordinate the 10 aluminate polyhedra
(2.5 AlQy4, 2.0 AlOs and 5.5 AlOg, cf. Table 2). This value
proves to be in reasonable agreement with the result from a

site speciation for the phosphate species (cf. Table 3) which
produces 9 Q%, Alo, 20 Q alo, and 11 Q, Alo, gving in toto 57
phosphate tetrahedra to fully saturate the 10 aluminate
polyhedra.

Medium Al,O5 content glasses: Up to an alumina con-
tent of 10%, the glass structure is built from the same phos-
phate and aluminate moieties as described before. The
decrease of the fraction of hexa-coordinated aluminium
with increasing alumina content is accompanied by a con-
comitant decrease in the fraction of Q, 4o, (n =1, 2) with
the latter disappearing for alumina contents > 10%. At
the same time, the fractions of QL a0, and Q%ﬁ Alo, are
increasing. For KAIP_10, 60 phosphate tetrahedra are
needed to fully coordinate the penta- and hexa-coordinated
aluminium and 36 phosphate units to coordinate the AlO4
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Fig. 10. (a) Main QJ, structural motifs dominating the network for low-
alumina glasses; (b) sketch of an extended network fragment.

groups. The site speciation for the phosphate groups pro-
duced 53 phosphate polyhedra for the coordination of
the AlOs5 and AlOg groups and 28 phosphate polyhedra
for the tetra-coordinated aluminate species. The somewhat
low number for the phosphate groups for the coordination
of the AlOy4 groups might be explained by the presence of a
(low) amount of Q; Alo, units which could not be deconvo-
luted from the Q| AlO, and Q Alo, SPecies.

High Al,Os content glasses: In these glasses AlO,4 units
constitute the dominating aluminium polyhedra and the
high alumina content imparts a further depolymerisation
of the phosphate network. Qi, Aloy,, and Qé, Al0y,, s the main

phosphate species dominating at low and intermediate alu-
mina content are successively replaced by two new species
at +3 ppm and —6 ppm, which could be identified (in the
KAIP_20 sample) as a Q1 Alo, (3.5 ppm) species, formed
by the reaction between a Q, and aluminium (Q0+
AlO; — Q! Alo,) and a Q3 alo, species (—6 ppm), formed
via Q2 + AlO, — Q3 alo,- In Fig. 11, an extended fragment
of the network organization in the h1gh alumina glasses is
sketched. The depolymerisation has continued to produce
very short phosphate chains and the identified Qm,AlO4
moieties (m =1, 3) together with AI(OP)4 constitute the
dominating structural motifs on intermediate length scales.
For KAIP_20, 164 P-O-Al bonds are needed to fully coor-
dinate the 38 AlO, and 2 AlO¢ polyhedra. From the
observed phosphate speciation (i.e., 78% Qg‘ a0, and 22%

\

AI(OP),

Fig. 11. Network organization for the high alumina glasses exhibiting
Q) a0, and Al(OP), as the dominating structural motifs on intermediate
length scales.

Q?, alo,) We calculate a total number of 153 P-O-Al-link-
ages in good agreement with the above, corroborating
the network organization as suggested for the high alumina
glasses.

5. Conclusion

We presented a study of the network organization in
aluminophosphate glasses of general composition 50K,0-
xAlL,03—(50 —x)P,O5 with 0 <x <20%. The evolution of
the glass structure upon alumina incorporation into the
phosphate network was monitored employing a combina-
tion of advanced solid state NMR strategies including
*'P{*Al}-CP-HETCOR NMR, *'P{*’Al}-REAPDOR
NMR, Al{*'P}-REDOR NMR and 2D *'P-J-RESolved
NMR spectroscopy. Aluminum enters the network as
AlQy4, AlOs5 and AlOg polyhedra which proved to be fully
connected to phosphate units, in fulfilment of the Loewen-
stein rule. The structural motifs on intermediate length
scales could be characterized employing a modified Q nota-
tion, Q) ,0.» With n denoting the number of connected
phosphate polyhedra, n characterizing the number of con-
nected aluminate polyhedra and x identifying the coordina-
tion state of the connected aluminate polyhedra.

The depolymerisation of the phosphate network is
evolving from Qé units which are successively replaced by
a set of different Q' moieties connected to either one
(m=1) or two (m =2) aluminate units. With increasing
alumina content the fraction of Qo and the Q' units con-
nected to penta- and hexa-coordinated aluminium, Q] AIOg
and Q2 Ao, 18 gradually decreasing and replaced by
Q Alo, S the dominating phosphate species at intermediate
alumina content and finally by QY Alo, and Q) Alo, Species at
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high alumina content. The incorporation of alumina in
excess of 20% proves to be impossible employing standard
glass-making procedures.The expected further depolymer-
isation of the phosphate network for such glasses with
the formation of Qj alo, Phosphate species might however
be possible when resorting to sol-gel techniques for the
glass preparation.
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