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Abstract—Ab initio, molecular orbital (MO) calculations were performed on model systems of SiO2,
NaAlSi3O8 (albite), H2O-SiO2 and H2O-NaAlSi3O8 glasses. Model nuclear magnetic resonance (NMR)
isotropic chemical shifts (�iso) for 1H, 17O, 27Al and 29Si are consistent with experimental data for the SiO2,
NaAlSi3O8, H2O-SiO2 systems where structural interpretations of the NMR peak assignments are accepted.
For H2O-NaSi3AlO8 glass, controversy has surrounded the interpretation of NMR and infrared (IR) spectra.
Calculated�iso

1H, �iso
17O, �iso

27Al and�iso
29Si are consistent with the interpretation ofKohn et al. (1992)that

Si-(OH)-Al linkages are responsible for the observed peaks in hydrous Na-aluminosilicate glasses. In addition,
a theoretical vibrational frequency associated with theKohn et al. (1992)model agrees well with the observed
shoulder near 900 cm�1 in the IR and Raman spectra of hydrous albite glasses. MO calculations suggest that
breaking this Si-(OH)-Al linkage requires��56 to �82 kJ/mol which is comparable to the activation

energies for viscous flow in hydrous aluminosilicate melts.Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

Dissolution of water into Na-aluminosilicate melts is one
the most important reactions in geochemistry because
reaction plays a role in the formation of granitic magm
Furthermore, the reverse reaction, or exsolution, is importa
pyroclastic eruptions. For many years, this reaction was
lieved to occur via hydrolysis of T-O-T linkages where T
tetrahedral Si or Al cation (e.g.,Burnham, 1979; Mysen and
Virgo, 1986). In contrast, NMR investigations proposed
formation of T-(OH)-T linkages without hydrolysis of the m
(Kohn et al., 1989, 1992; Kohn, 2000; Schmidt et al., 2000).
Earlier work (Sykes and Kubicki, 1993; Sykes et al., 1997)
addressed both the vibrational and NMR spectra of hyd
Na-aluminosilicate glasses. Based on agreement betwee
culated27Al NMR parameters in Q3 Al-(OH) model cluster
and experimental NMR spectra of hydrous albite glass
supported the interpretation of network depolymerizatio
form terminal T-OH groups. More recent17O NMR investiga
tions have suggested a more complicated solubility mecha
involving the formation of T-(OH)-T linkages with some e
dence for Si-OH species (Xu et al., 1998; Oglesby and Steb
bins, 2000; Schmidt et al., 2000). A similar conclusion wa
derived via an ab initio modeling study byLiu et al. (2002).

There are two main improvements included in this p
over our past models. The first is that17O NMR spectra o
hydrous silicate gels and glasses are now available (e.g.,Cong
and Kirkpatrick, 1996; Dirken et al., 1997; Maekawa et al
1998; Xu et al., 1998; van Eck et al., 1999; Lee and Stebbin
2000) for comparison to model calculations. A complicatio
each of our earlier investigations was that the proposed m
anisms were based on an analysis of the spectroscopic d
nuclei (i.e., Si and Al) not directly involved in the solubil
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mechanism. Oxygen sites in fully polymerized Na-alumino
cate melts are the sites of either protonation or hydrolysis,
analysis of the oxygen sites should be a more sensitive pro
the water solubility mechanism. The second improveme
that the effects of H-bonding to molecular water are include
our model clusters. H-bonding in molecular models sig
cantly affects calculated17O NMR parameters (Xue and Kan
zaki, 1998, 1999); hence, inclusion of H-bonding effects
important in obtaining accurate results.

2. METHODS

Molecular clusters were optimized with HF/3-21G(d,p) basis se
Gaussian 98 (Frisch et al., 1998). These energy-minimized structu
were subjected to force constant analyses to obtain vibrational fre
cies. A scaling factor of 0.89 (Pople et al., 1981) was used to compa
theoretical and experimental vibrational frequencies. All model clu
were OH-terminated, but we use a shorthand notation for their de
tion. For example, the Q4 Si model cluster ([OH3]SiO)4Si is denoted a
(Si4)Si (Table 1).

Isotropic NMR chemical shifts,�iso, and quadrupolar coupling co
stants,Cq, were calculated based on these structures. (Note that e
mental NMR chemical shifts are not always reported as isotropic v
We have endeavored to find isotropic chemical shifts wherever po
and we report non-isotropic chemical shifts for17O and27Al as “peak
maxima.”) 1H and 29Si values were computed with HF/6-311�G(d,p)
basis sets,27Al with HF/6-31G(d), and17O values were computed with t
B3LYP/6-311�G(d,p) method. This latter hybrid MO/DFT method
been shown to be more accurate than Hartree-Fock methods for17O NMR
parameters in aluminosilicates (Casanovas et al., 1999; Kubicki and Top
lis, 2002). Calculated isotropic chemical shift values were based o
difference in theoretical chemical shieldings of model molecules
model standards. These model standards were constructed to mim
experimental standards. We used a 19 H2O cluster for17O, Al3� · 6(H2O)
for 27Al, and tetramethylsilane (TMS) for1H and29Si. The value of th
17O chemical shielding used for the chemical shift calculations wa
tained by averaging the chemical shieldings of all nineteen oxygens
19 H2O model standard.

Quadrupolar coupling constants (Cq) were calculated usingCq �
eqzzeQ where eQ is the nuclear electric quadrupole moment of
nucleus and all other terms are the principal tensor components

electric field gradient. The values of the nuclear electric quadrupole
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moments were obtained from Pyykkö (1992). Accuracy of the com-
puted NMR parameters was tested on models representing commonly
accepted structures in anhydrous silica and albite glasses as well as
hydrous silica glass. Furthermore, the cluster size effect on calculated
chemical shifts has been tested in Kubicki and Toplis (2002) and shown
to be within errors generated by limited basis sets and neglect of
electron correlation.

Reaction paths for breaking an Si-(OH)-Al linkages were determined
by constrained optimizations (Felipe et al., 2001) using the HF/3-
21G(d,p) basis set. Energies at each point along the reaction path were
obtained with the B3LYP/6-311�G(d,p) basis set.

3. RESULTS

3.1. Accuracy Tests Against Anhydrous Silica Glass
Spectra

The cluster (Si4)Si was used to represent Si and O in anhydrous
silica glass. The central Si is fully-polymerized (i.e., Q4 where the
Q# represents the number of bridging oxygen atoms attached to a
tetrahedral cation) in this model as it is in the glass, and the
bridging oxygen atoms have the same atoms surrounding them out
to second-nearest neighbor distances. Experimental and calculated
�iso

29Si values are both �112 ppm (Table 2), which is fortuitously

Table 1. Notation used for

Glass Notation

Silica (Si4)Si
(Si17)Si

Albite Na�[(Si3Al)Si]
Na�[(Si4)Al]

Hydrous silica (Si3)SiOH
(Si3)SiOH � 2H2O
H�(Si4)Si
H�(Si4)Si � H2O

Hydrous albite Na�(Si2Al)SiOH
Na�(Si2Al)SiOH � 2H
H�(Si3Al)Si
H�(Si3Al)Si � H2O
Na�(Si3)AlOH
Na�(Si3)AlOH � 2H2O
H�(Si4)Al
H�(Si4)Al � H2O

Table 2. Calculated �iso
29Si values based on HF/6-311�G(d,p) ca

shieldings of 397 ppm (Sykes et al., 1997).

Glass Model

Silica (Si4)Si
Albite Na�[(Si3Al)Si]
Hydrous silica

(Si3)SiOH
(Si3)SiOH � 2H2O
H� (Si4)Si
H�(Si4)Si � H2O

Hydrous albite
Na�(Si2Al)SiOH
Na�(Si2Al)SiOH � 2H2O
H�(Si3Al)Si
H�(Si3Al)Si � H2O

a Murdoch et al. (1985).
b Oestrike et al (1987).
c Farnan et al. (1987).
d
 Kohn et al. (1992).
accurate agreement because more accurate basis sets used for
energy minimization and chemical shieldings can give less accu-
rate agreement (Sykes et al., 1997).

Computed �iso
17O values range from 37 to 55 ppm (Table 3),

which coincides with the observed peak maximum centered at
�50 ppm in silica gel (Walter et al., 1988) and similar to
isotropic �17O values which range from 29 to 58 ppm for the
quartz polymorph, coesite (Grandinetti et al., 1995). We report
several values of �iso

17O for each model cluster (Table 3) as
each oxygen atom within a cluster has a slightly different
chemical environment, giving rise to different values of
�iso

17O, consistent with experimental observations (Grandinetti
et al., 1995). The Cq value for 17O is 5.8 MHz in silica (Walter
et al., 1988), between 5 and 6 MHz in coesite (Grandinetti et
al., 1995), and our calculated average value is 6.6 MHz.

3.2. Accuracy Tests Against Anhydrous Albite Glass
Spectra

A number of models consisting of five tetrahedra (i.e., Q4 Si
and Al) with various numbers of Si and Al cations charge-

ters included in this study.

Formula

[((OH)3SiO)4Si]
[((H3SiO)3SiO)4Si]
Na�[((OH)3SiO)3(OH)3AlOSi]
Na�[((OH)3SiO)4Al]
[((OH)3SiO)3SiOH]
[((OH)3SiO)3SiOH] · 2H2O
H�[((OH)3SiO)4Si]
H�[((OH)3SiO)4Si] · H2O
Na�[((OH)3SiO)2(OH)3AlOSiOH]
Na�[((OH)3SiO)2(OH)3AlOSiOH] · 2H2O
H�[((OH)3SiO)3(OH)3AlOSi]
H�[((OH)3SiO)3(OH)3AlOSi] · H2O
Na�[((OH)3SiO)3AlOH]
Na�[((OH)3SiO)3AlOH] · 2H2O
H�[((OH)3SiO)4Al]
H�[((OH)3SiO)4Al] · H2O

ns with Si(CH3)4 (TMS) as the reference with a theoretical chemical

Species Expt Calc

Si (Q4) –112a –112
Si (Q4) –99b –95

–100c

Si (Q3 SiOH) –98
Si (Q3 SiOH) –100
Si (Q4 Si) –105
Si (Q4) –104

–98.3d

Si (Q3 SiOH) –96
Si (Q3 SiOH) –91
Si (Q4) –95
Si (Q4) –97
the clus

2O
lculatio
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Table 3. Calculated �iso
17O values based on B3LYP/6-311�G(d,p) basis sets and a reference cluster of (H2O)19 with an average oxygen chemical

shielding of 293 ppm. T-O-T angles (in degrees) are listed in parentheses.

Glass Model Species Expt Calc

Silica �50a

(Si4)Si Obr (SiOSi) 55 (151)
49 (154)
46 (156)
37 (173)

(Si17)Si Obr (SiOSi) �50a 49 (142)
Albite SiOSi 48b

SiOAl 34b

Na�[(Si3Al)Si] Obr (SiOSi) 54 (130)
59 (171)
54 (139)

Na�[(Si3Al)Si] Obr (SiOAl) 38 (149)
Na�[(Si4)Al] Obr (SiOAl) 42 (126)

39 (127)
57 (158)
39 (140)

Hydrous silica SiOSi 37c–42d

SiOH 37e

(Si3)SiOH Obr (SiOSi) 44 (143)
55 (152)
60 (146)

(Si3)SiOH O (Q3 SiOH) 6
(Si3)SiOH � 2H2O Obr (SiOSi) 39 (165)

59 (148)
56 (147)

(Si3)SiOH � 2H2O O (Q3 SiOH) 33
H� (Si4)Si Obr (SiOSi) 44 (142)

42 (157)
44 (161)

H�(Si4)Si O (SiOHSi) 60 (125)
H�(Si4)Si � H2O Obr(SiOSi) 45 (141)

50 (156)
46 (162)

H�(Si4)Si � H2O Obr(SiOHSi) 69 (126)
Hydrous albite SiOSi 43f

SiOAl 33f

SiOHAl or TOH �48g

Na�(Si2Al)SiOH Obr (SiOSi) 53 (154)
45 (162)

Na�(Si2Al)SiOH Obr (SiOAl) 38 (141)
Na�(Si2Al)SiOH O (OH) 4
Na�(Si2Al)SiOH � 2H2O Obr(SiOSi) 54 (141)

46 (163)
Na�(Si2Al)SiOH � 2H2O Obr(SiOAl) 40 (151)
Na�(Si2Al)SiOH � 2H2O O (Q3 SiOH) 28
Na�(Si3)AlOH Obr (SiOAl) 36 (132)

37 (154)
27 (157)

Na�(Si3)AlOH O (Q3 AlOH) –18
Na�(Si3)AlOH � 2H2O Obr (SiOAl) 36 (130)

46 (165)
43 (130)

Na�(Si3)AlOH � 2H2O O (Q3 AlOH) 5
H�(Si4)Al Obr(SiOAl) 31 (134)

61 (151)
41 (140)

H�(Si4)Al Obr (SiOHAl) 24 (115)
H�(Si4)Al � H2O Obr (SiOAl) 30 (137)

66 (150)
42 (140)

H�(Si4)Al � H2O Obr (SiOHAl) 40 (114)
H�(Si3Al)Si Obr (SiOSi) 56 (127)

58 (170)
48 (142)

H�(Si3Al)Si Obr (SiOHAl) 35 (122)
H�(Si3Al)Si � H2O Obr (SiOSi) 48 (141)

63 (169)
50 (144)

H�(Si3Al)Si � H2O Obr (SiOHAl) 43 (119)

a Walter et al. (1988).
b Lee and Stebbins (2000).
c van Eck et al. (1999).
d Maekawa et al. (1998).
e Cong and Kirkpatrick (1996).
f Xu and Stebbins (1998) stilbite (Na,Ca)zeolite.
g Xu et al. (1998).
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balanced with Na� were used to model albite glass. The ex-
perimental versus theoretical comparison for �iso

29Si in this
case gives �99 and �95 ppm, respectively (Table 2). For 27Al,
Schmidt et al. (2000) report a mean �iso

27Al of 57.5 ppm for
NaAlSi4.7O11.4 glass with �3.8 wt.% water. These authors also
observed that the mean �iso

27Al for a series of hydrated glasses
along the quartz-albite join became more positive with increas-
ing Al-content. Our value of 61 ppm for NaAlSi3O8 (Table 4)
is consistent with the results of Schmidt et al. (2000).

Best-fit simulations of experimental �17O MQMAS spectra
assign �iso

17O at 49 and 33 ppm to bridging oxygen atoms in
Si-O-Si and Al-O-Si linkages, respectively (Dirken et al.,
1997). Lee and Stebbins (2000) report similar �iso

17O values
(48 ppm for Si-O-Si and 34 ppm for Al-O-Si; Table 3). Our
calculations predict �iso

17O for Si-O-Si to range from 54 to 59
ppm and �iso

17O for Al-O-Si to range from 38 to 57 ppm (Table
3). Experimentally-derived Cq values for the Si-O-Si and Si-
O-Al oxygens are 5.1 and 3.5 MHz, respectively (Dirken et al.,
1997); whereas our calculations result in values of 6.2 and 4.6
MHz, respectively.

The above model values agree fairly well with experimental
values for each species in the anhydrous glasses. Either the
calculated chemical shift value was in error by �5 to 10 ppm
or the experimental and model ranges of values overlap. Cq

values were systematically overestimated by �1 MHz. The
systematic error was due to small inaccuracies in calculated
bond lengths and intertetrahedral angles (Clark and Grandinetti,
2003). However, the compositional trends are reproduced for

Table 4. Calculated �iso
27Al values based on HF/6-31G(d) calculatio

of 633 ppm (Sykes et al., 1997).

Glass Model

Albite
Hydrous albite Na�[(Si4)Al]
Hydrous albite Na�(Si3)AlOH

Na�(Si3)AlOH � 2H2O
H�(Si4)Al
H�(Si4)Al � H2O

a Schmidt et al. (2000).
b Kohn et al. (1992).

Table 5. Calculated �iso
1H values based on HF/6-311�G(d

Glass Model

Hydrous silica (Si3)SiOH
(Si3)SiOH � 2H2O
H�(Si4)Si
H�(Si4)Si � H2O

Hydrous albite Na�(Si2Al)SiOH
Na�(Si2Al)SiOH � 2H2O
Na�(Si3)AlOH
Na�(Si3)AlOH � 2H2O
H�(Si4)Al
H�(Si4)Al � H2O
H�(Si3Al)Si
H�(Si3Al)Si � H2O

a Chuang et al. (1993).
b Kohn et al. (1992).
c
 Zeng et al. (1999).
both �iso
17O and 17O Cq values. We conclude that our meth-

odology can produce reliable predictions for chemical shifts
and Cq values in glasses because the errors are reasonably small
and systematic (see also Liu et al., 2002).

3.3. Comparison of Model Results to Hydrous SiO2 Glass
Spectra

Agreement between experiment and theory for �iso
29Si

chemical shifts is excellent for the hydrous silica glass when
the (Si3)SiOH model is used (�100 ppm experimental and �98
or �100 ppm calculated depending on the presence of H2O
molecules; Table 2). For these Q3 SiOH molecules, we calcu-
late �iso

17O values of 39 to 60 ppm for bridging oxygens (Table
3) compared to �iso

17O of 42 ppm from experiment (van Eck et
al., 1999). A �iso

17O at 37 ppm has been assigned to oxygen
atoms in hydroxyl groups in a hydrated calcium silicate gel
(Cong and Kirkpatrick, 1996), and our calculations predict 33
ppm when two H2O molecules are H-bonded to the (Si)OH.
H-bonding of the (Si)OH group to the molecular water is
critical because without the extra H2O, the �iso

17O value is 6
ppm, which is not close to experiment (Table 3). H-bonding
also affects the predicted �iso

1H value as the (Si3)Si(OH) spe-
cies has a value of 1.7 ppm and the (Si3)Si(OH) � 2H2O cluster
is calculated to be 7.9 ppm (Table 5). These changes in the
1H-NMR chemical shifts are consistent with previous interpre-
tations of experimental data (Zeng et al., 1999).

In models with Si-(OH)-Si linkages (with and without

Al3� · 6(H2O) as the references with a theoretical chemical shielding

Species Expt Calc

57.5a

Al (Q4) 53–54b 61
Al (Q3 AlOH) 57
Al (Q3 AlOH) 64
Al (Q4 Al) 57
Al (Q4 Al) 56

3-21 G(d,p) calculations on TMS with �(1H) � 32.5 ppm.

Species Expt Calc

H (Q3 SiOH) 1.7 1.7
H (Q3 SiOH) 5–6 7.9
H (SiOHSi) 1.7a 12.3
H (SiOHSi) 5–6b 13.8
H (Q3 SiOH) 1.5 1.7
H (Q3 SiOH) 5–6 7.5
H (Q3 AlOH) 3.5 0.1
H (Q3 AlOH) 5–6 1.7
H (SiOHAl) 3.5b 3.3
H (SiOHAl) 3.8b 10.9
H (SiOHAl) 5–6c 6.2
H (SiOHAl) 5–6c 12.2
ns with
,p)/HF/
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H-bonds to H2O), �iso
29Si is �104 and �105 ppm, respectively

(Table 2). �iso
17O values in bridging oxygen atoms were cal-

culated to be 42 to 50 ppm, respectively, for these same model
clusters. Hence, the Obr values in the H�(Si4)Si models are
similar to the (Si3)SiOH models. However, the �iso

17O values
for Si-(OH)-Si oxygen atoms were 60 and 69 ppm (Table 3),
significantly higher than the (Si3)SiOH models and experiment.
Model �iso

1H in both the H�(Si4)Si and H�(Si4)Si � H2O
cluster were higher (12.3 and 13.8 ppm, respectively; Table 5)
than observed in experiment (1.7 to 6 ppm).

Consistently better agreement was achieved for the model
clusters based on (Si3)Si(OH) (i.e., hydrolysis) than H�(Si4)Si
(i.e., protonation). Consensus exists that the solvation mecha-
nism of water in silica melt involves depolymerization and
formation of Q3 Si(OH) (Stolen and Walrafen, 1976). We
conclude that our models and computational methods are reli-
able in predicting NMR chemical shifts in hydrous glasses as
well as anhydrous glasses when the effects of H-bonding to
molecular water are included.

3.4. Comparison of Model Results to Hydrous Albite
Glass NMR Spectra

We compared our model hydrous albite glass �17O values to
a related system, the zeolite stilbite, where Xu and Stebbins
(1998) found �17O values of 43 and 33 ppm for oxygen atoms

Fig. 1. Q3 Al-OH species suggested by Sykes and Kubic
group in Al-OH. Note that a variety of other Q3 species (b
in SiOSi and SiOAl linkages, respectively. In addition, the
�iso
17O of oxygens in hydroxyl groups of hydrous albite glass

have been assigned to a resonance at �48 ppm (Xu et al.,
1998). Our calculated SiOH group is not close to this latter
value in the Na�(Si2Al)SiOH � 2H2O cluster (28 ppm). The
model AlOH group in Na�(Si3)AlOH � 2H2O (Fig. 1) pro-
duces a value that is even farther from observation at 5 ppm
(Table 3). The agreement is worse if H-bonding is not included
because the Na�(Si3)AlOH cluster has a �iso

17O value of �18
ppm for the oxygen in Al(OH).

Models representing the T-(OH)-T structure (H�[Si4]Al
� H2O and H�[Si3Al]Si � H2O; Figure 2) suggested by Kohn
et al. (1992) result in calculated �iso

17O values of 40 to 43 ppm,
respectively (Table 3), much closer to the experimental values.
Again, H-bonding plays a role in the calculated value of the
�iso

17O, but it is not as large as the Q3 TOH case because the
non-H-bonded values were shifted by �16 and �17 ppm,
respectively (Table 3). In fact, in this case, the value calculated
without H-bonding (for H�[Si3Al]Si � 35 ppm) is in better
agreement with experiment (observed � 33 ppm) than the
clusters that included H-bonding to H2O.

Both the Q3 T-(OH) and T-(OH)-T models result in calcu-
lated �iso

29Si and �iso
27Al values reasonably close to experi-

ment (Tables 1 and 4). However, in each case, the T-(OH)-T
configuration gives somewhat better agreement. For example,
the experimental isotropic 27Al chemical shift is 54 ppm; the

3) with H2O molecules H-bonded at 2.1 Å to the hydroxyl
and Si) were modeled in this study as well (Tables 1–4).
ki (199
T-(OH)-T configuration is 56 or 57 ppm whereas the T-OH
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configuration is 57 or 64 ppm depending on whether or not
H-bonding is included (Table 4).

Conclusive interpretations are difficult to achieve regarding
the �iso

1H chemical shifts. The �iso
1H in the Q3 T(OH) silanol

and aluminol all have calculated �iso
1H values comparable to

experiment (Table 5). The H�(Si4)Al and H�(Si3Al)Si models
result in calculated �iso

1H values close to those observed in
hydrous albite glass (Zeng et al., 1999). We note that these two
model clusters actually model the same species in the glass
(i.e., Q4 Si-[OH]-Q4 Al). Thus, it is not clear why these two
structures would give rise to the two separate peaks observed.
The change is likely due to the different T-O-T angles in these
two model clusters. The addition of H2O to the T-(OH)-T
clusters increases the predicted values significantly enough to
eliminate the agreement with experiment (Table 5). In this case,
the effect of H-bonding is known from experiment and will
increase the �iso

1H by 3 to 4 ppm (Zeng et al., 1999).
We conclude that the Q3 T(OH) models best explain the

1H-NMR data because the isolated and H-bonded silanol and
aluminol values are all close to observed peaks. If these struc-
tures were to occur in hydrous albite glass, this would imply

Fig. 2. Q4 Si with protonated Si-(OH)-Al linkage sugg
Å to the H atom in the Si-(OH)-Al linkage. Note that a v
modeled in this study as well (Tables 1–4).
depolymerization of Si-O-Si and Si-O-Al linkages. However,
the H�(Si4)Al and H�(Si3Al)Si models also have calculated
�iso

1H values consistent with experiment (Table 5). One way to
satisfy both of these predictions is to have both Q3 SiOH and
H�(Si4)Al present in hydrous albite glass (Xu et al., 1998;
Oglesby and Stebbins, 2000; Schmidt et al., 2000). This implies
that the stronger Si-O-Si linkages hydrolyze and the weaker
Si-O-Al linkages do not. This is contrary to the hypothesis
suggested in Sykes and Kubicki (1993), which focused on
hydrolysis of the weaker and more hydrophilic of these link-
ages, namely Si-O-Al.

3.5. Comparison of Model Results to Hydrous Albite
Glass Vibrational Spectra

In Sykes and Kubicki (1993), we argued that the Kohn et al.
(1992) model did not adequately address the changes observed
in the vibrational spectra of hydrous albite melts as represented
in the quenched glasses. A shoulder near 900 cm�1 was ob-
served in the hydrous glass spectrum that was not observed in
the anhydrous glass spectra (Mysen et al., 1980; McMillan et
al., 1983; Mysen and Virgo, 1986; Silver and Stolper, 1989).

Kohn et al. (1992) with H2O molecule H-bonded at 1.5
f similar configurations (both Al- and Si-centered) were
ested by
ariety o
Hence, model vibrational frequencies were also calculated in
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this study to verify that the T-(OH)-T configuration could
reproduce the observed frequency changes. In each model
cluster, there will be 3N-6 vibrational frequencies where N is
the number of atoms in the system. We focus on vibrations near
900 cm�1 that are associated with the (OH)� group relevant to
the dissolution of H2O (i.e., T-[OH]-T and Q3 T-[OH]). In
addition, we require that each mode be IR- and Raman-active,
because the 900 cm�1 shoulder was observed in both types of
spectra.

In each model pictured in Figure 3, there is one vibrational
mode that satisfies the above criteria. The displacements of the
vibrational modes are represented in the Figure 3 by arrows.
The involvement of numerous heavy atoms in each mode
ensures that any frequency shift generated by isotopic substi-
tution of D for H will be small (Mysen and Virgo, 1986).
Although the computed frequencies in each case were scaled by
0.89, this scaling was justified by previous studies showing
consistent agreement with experiment when this correction is
applied (Kubicki and Sykes, 1993; Sykes and Kubicki, 1996).

Fig. 3. Depiction of the vibrational modes calculated at (a) 888 cm�1

for the Kohn et al. (1992) model and at (b) 790 cm�1 for the Sykes and
Kubicki (1993) model. The arrows and multiple overlapping atoms
represent the displacements involved with each mode.
As can be seen in Figure 3, the T-(OH)-T model of Kohn et al.
(1992) produces a vibrational frequency of 888 cm�1 that
agrees with experiment within the accuracy of resolving the
900 cm�1 shoulder. Conversely, the Q3 Al-(OH) stretching
mode predicted by the model of Sykes and Kubicki (1993)
predicts a frequency of 790 cm�1 that is significantly less than
the observed peak.

4. DISCUSSION

The conclusions reached in this paper, based on a more
complete experimental data set and model results than previ-
ously available, are contrary to our earlier papers (Sykes and
Kubicki, 1993; Sykes et al., 1997). We conclude that the
Si-(OH)-Al configuration is a preferable explanation of the
H2O dissolution mechanism in fully-polymerized Na-alumino-
silicate melts because the �iso

17O values for Al-(OH) do not
coincide with the experimental values with or without
H-bonding (Table 3). Hence, unless there is an undetected 17O
NMR peak between �20 and �5 ppm that corresponds to
oxygen in an Al-(OH) group, then we rule out Q3 Al-(OH)
species based on the 17O NMR spectra. Combined with the
observation that H2O depolymerizes SiO2 melts (Stolen and
Walrafen, 1976) and our explanation of the �iso

1H-NMR, we
suggest that depolymerization of Si-O-Si groups does occur but
Si-O-Al linkages become Si-(OH)-Al in the glass. A similar
argument can be applied to the work of Keppler and coworkers
(e.g., Zotov and Keppler, 1998) who inferred depolymerization
of Na-aluminosilicate melts from observations of depolymer-
ization in Na-silicate glasses.

Zeng and coworkers performed 1H-29Si CP-MAS NMR
(Zeng et al., 2000) and TRAPDOR NMR studies (Zeng et al.,
1999) that led them to suggest that water dissolution depoly-
merized Na-aluminosilicate melts. Based on the 1H-29Si CP-
MAS NMR, Zeng et al. (2000) suggested that SiOH groups
may be present in the glass. Oglesby and Stebbins (2000)
reached a similar conclusion in their 1H-29Si CP-MAS NMR
investigation of hydrated aluminosilicate glasses. Evidence for
the presence of Q3 AlOH groups was less clear (Zeng et al.,
2000). For example, a peak maximum at 1.5 ppm peak in 1H
MAS NMR spectra was assigned to Q3 Al-(OH) groups by
Zeng et al. (1999). Although the Na�(Si3)Al(OH) � 2H2O
cluster has a calculated �iso

1H � 1.7 ppm consistent with the
assignment of Zeng et al. (1999), the value calculated for
H�(Si4)Al of 3.3 ppm is also reasonably close to the observed
1.5 ppm peak (Table 5). Note, however, that when H2O is
H-bonded to this Si-(OH)-Al, �iso

1H � 10 ppm (Table 5)
suggesting that H-bonding to Si-(OH)-Al does not occur. The
same model provides better agreement between calculations
and experiment when H2O is not H-bonded to Si-(OH)-Al for
the �iso

17O values (Table 3). Consequently, our results suggest
that molecular H2O associates with Si-OH but not as much with
Si-(OH)-Al.

Four questions remain regarding comparisons of observed
NMR spectra and model results.

1) Why are the calculated 27Al Cq values for Al-(OH)-Si
linkages in agreement with experiments on zeolites but not
with spectra of hydrous albitic glasses?

23
2) How can the observed Na NMR spectra be explained?
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3) Will T-(OH)-T linkages that are apparently stable in hy-
drous Na-aluminosilicate glasses be stable in hydrous Na-
aluminosilicate melts?

4) Can the protonated bridging oxygen structure explain the
large decrease in viscosity of hydrous albitic melts com-
pared to anhydrous melts?

Theoretical calculations predict a significant increase in 27Al
Cq with protonation of the Al-O-Si linkage to form Al-(OH)-Si
(from 6 to 16 MHz; Sykes et al., 1997; J. A. Tossell, personal
communication). NMR spectra of protonated linkages in zeo-
lites also indicate an increase in 27Al Cq from 6 to 16 MHz
(Hunger and Horvath, 1995). In contrast, Cq values derived
from the NMR spectra of hydrous aluminosilicate glasses in-
dicate a decrease in Cq with protonation (Kohn et al., 1992; Liu
et al., 2002). Liu et al. (2002) suggest that perhaps the size of
the aluminosilicate clusters may not be sufficiently large to
account for all of the contributions to the Cq and that this
discrepancy maybe an artifact of the theoretical method. How-
ever, there is excellent agreement between calculated and ex-
perimentally-derived Cqs for all nuclei in simple alcohol and
amide complexes (Ludwig et al., 1995; Farrar et al., 1999).
Furthermore, from the current work and in Kubicki and Toplis
(2002), 27Al Cq values generally seem to be overestimated by
�1 MHz wherever comparisons are unambiguous, significantly
less than the predicted change of 10 MHz with protonation of
the bridging oxygen. Further work will be necessary to resolve
this discrepancy. A calculation on a Q4 Si-(OH)-Q4 Al model
cluster may be necessary to test this explanation.

The second question revolves around Na�, the remaining ion
of interest in Na-aluminosilicate glasses that was not covered in
this study. Kohn and coworkers (Kohn et al., 1992, 1998) have
observed significant changes in the NMR spectra of 23Na in
hydrous Na-aluminosilicate glasses and suggested that Na�

plays a role in dissolution of H2O. If a species such as Si-
(OH)-Al forms, then a hydroxide ion is also likely to form. A
candidate for this species is NaOH (i.e., NaAlSi3O8 � H2O3
Al[OH]Si3O7 � NaOH). We have not addressed this issue here
for a number of reasons. First, modeling the Na� environment
in a glass requires a large cluster to account for all the bonds to
the Na� ion. Second, this issue has been addressed before
(Tossell, 1999), and it may be difficult to distinguish among
several possibilities of Na� speciation based on MO calcula-
tions (e.g., NaOH vs. Na-OH2). Charge-balancing cations such
as Na� can also affect calculated �17O values (Kubicki and
Toplis, 2002), so inadequate representation of the Na� envi-
ronment may be causing inaccuracies in some of our model
�17O values.

The third issue to be resolved is whether or not the T-(OH)-T
linkages are stable at melt temperatures or whether they form
upon quenching. To estimate the energy required to break this
type of linkage, the optimized structures of H�(Si3Al)Si �
H2O (Fig. 2) and H�(Si4)Al � H2O were subjected to con-
strained energy minimizations as the central T-O distance was
lengthened in the T-(OH)-T linkages (Fig. 4). With Si—O
values of 2.0, 2.25, 2.5, 3.0, and 3.5 Å, the computed energy at
the B3LYP/6-311�G(d,p)//HF/3-21G(d,p) level gradually in-
creased by �56 at 2.5 Å for H�(Si3Al)Si � H2O, then began
to decrease beyond this distance. For H�(Si4)Al � H2O, the

energy increased by �82 kJ/mol at Al—O � 4.0 Å (Fig. 4a)
and the calculation was not carried further. (The 4.0 Å distance
is much longer than any known Si-O or Al-O bonds even for
phases where Si and Al are in octahedral coordination; hence,
we consider the T-O bond to be “broken” beyond this point.) In
both cases, the calculated energy required to break the T-
(OH)-T linkage is significantly less than that calculated with
the same methods for the model clusters Na�([Si3Al]Si) and
Na�([Si4]Al) (�162 and �132 kJ/mol, respectively). The rel-
atively small energies predicted to break these T-(OH)-T link-
ages are comparable to experimentally-derived activation en-
ergies for viscous flow in hydrous albite melts. For example,
the activation energy for viscous flow decreases from 210 to
165 kJ/mol for melts with 0.65 wt.% and 2.8 wt.% water,
respectively (Holtz et al., 1999). Activation energies reported
by Romano et al. (2001) are considerably higher but decrease
from dry to hydrous melt compositions; 488 kJ/mol for dry

Fig. 4. Models of steps along the constrained optimization sequences
for breaking (a) Si-(OH)-Al and (b) Al-(OH)-Si linkages. Note that in
(a) the central Al atom takes on a trigonal planar configuration. An OH
group from an attached OSi(OH)3 group attempts to approach the
central Al, but the interatomic distance (�1.9 Å) is too large for a
tetrahedral Al-O bond. In (b), the leaving OH group is at 2.25 Å, but a
second OH from this same Si(OH)4 tetrahedron has already formed a
new bond to main the tetrahedral coordination of the central Si atom.
albite melt and 329 kJ/mol for a melt with 3 wt.% water.
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For the series of constrained T-O distance energy minimiza-
tions in H�(Si4)Al � H2O, the T-O bond re-formed and the
model adopted a structure close to the original energy mini-
mized structure even for Si-O and Al-O bonds stretched to
distances up to 2.25 and 4.0 Å, respectively. Although viscous
flow probably requires the breaking of T-O bonds in the melt,
the driving force for either Si or Al to maintain tetrahedral
coordination prompts reformation of the Si-(OH)-Al linkage as
a likely quench feature in the glass.

As such, H2O and F� have a similar influence on the vis-
cosity of aluminosilicate liquids (Dingwell and Mysen, 1985;
Dingwell, 1987; Baker and Vaillancourt, 1995; Dingwell and
Hess, 1998; Romano et al., 2001), but the different structures
observed in their corresponding glasses (Kohn et al., 1992;
Zeng and Stebbins, 2000) may arise because reformation of the
T-O-T linkage upon quenching is not energetically favorable
when F� is bonded to Al.

High-temperature Raman experiments on hydrous Na-alumi-
nosilicate glasses (e.g., Shen and Keppler, 1995, 1997) could be
useful in further study of this issue. Different melt and glass
structures could help explain this earlier data that shows com-
plete miscibility between NaAlSi3O8 and H2O at high temper-
atures. If dissolving H2O in NaAlSi3O8 melts did not cause
some depolymerization, one would expect to see a two-phase
region between these two liquids because aluminosilicate poly-
mers would have to depolymerize to dissolve into the H2O
bearing phase. An H2O dissolution mechanism that does not
depolymerize the melt is not compatible with complete misci-
bility in this system.
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