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Abstract

Monte Carlo simulations of phosphate tetrahedron connectivity distributions in alkali and
alkaline earth phosphate glasses are reported. By utilizing a discrete bond model, the
distribution of next-nearest neighbér connectivities between phosphate polyhedron for
random, alternating and clustering bonding scenarios was evaluated as a function of the
relative bond energy difference. The simulated distribﬁtions are compared to
experimentally observed connectivities reported for solid-state two-dimensional
exchange and double-quantum NMR experiments of phosphate glasses. These Monte
Carlo simulations demonstrate that the polyhedron connectivity is best described by a

random distribution in lithium phosphate and calcium phosphate glasses.
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Monte Carlo Simulations of Phosphate Polyhedron Connectivity
in Glasses

Introduction

Phosphate glasses are technologically important materials for a variety of
applications including nuclear waste form encapsulants, glass-to-metal seals, optical
devices and biomedical components.[1-5] The continued interest in understanding the
relationship between structure and function has resulted in extensive structural
investigations of phosphate glass systems. Solid-state nuclear magnetic resonance (NMR)
spectroscopy has proven to be a powerful tool for the investigation of both local and
medium range order (MRO) in émorphous systems.[6-8] Several NMR active nuclei are
available to probe the local structure in phosphate glasses, including *'P magic angle
spinning (MAS) NMR investigations of the phosphate backbone,[8-11] *’ Al MAS NMR
of aluminophosphate glasses,[12] plus 2Na and 6711 MAS NMR investigations of the
cation environment.[13-15] Information about the extended range connectivity within the
phosphate network has recently been obtained using two-dimensional (2D) NMR
exchange experiments, by reintroduction of the dipolar coupling during the mixing period
or through 2D double-quantum (2Q) MAS NMR techniques. For some phosphate glasses
and ceramics both 2D exchange experiments using the radio frequency dipolar recoupling
(RFDR) sequence and 2Q 2D MAS NMR experiments have been reported.[16-27].

A variety of different structural models have been proposed for phosphate glasses,

and have been used to explain the experimentally observed connectivities of the



phosphate polyhedron determined from 2D NMR techniques. The Q" notation is
commonly used to identify and describe the different phosphate tetrahedral species within
the glass. For the Q" notation, n represents the number of bridging oxygens attached to
the phosphate (where n =0, 1, 2, 3), and can range from the fully polymerized Q’
tetrahedral species in P,Os to the depolymerized Q" orthophosphate. Additional
superscripts can be included to describe the next-nearest neighbor bonding distribution as
detailed below. Three limiting case scenarios or structural models can be presented to
describe phosphate polyhedron connectivity; including a random bonding distribution of
Q" phosphate species, a structure incorporating alternation of Q" and Q" species, or a
structure with preferential segregation or clustering of similar Q" phosphate species. All
of these limiting scenarios have been proposed to describe the observed RFDR and 2Q
NMR results.

Unfortunately, the majority of NMR investigations to date have evaluated these
structural models in a superficial and qualitative manner in my opinion. There has not
been a detailed investigation that predicts the network connectivity or next-nearest
neighbor distribution that would be observed for these different structural models. Alam
and Brow [21] recently derivea the distribution of Q" bonding that would result from a
random distribution of bond formation in binary phosphate glasses, but they did not
evaluate the distributions for an altematiné or clustering model. The ability of different
NMR techniques and experiments to distinguish between these limiting case structural
models also remains unanswered, and needs to be addressed. In addition, variation of the
Q" polyhedron connectivity distribution for a structure that is described by a combination

of these different models also needs to be evaluated.




In this paper the discrete bond model (DBM) proposed by Sprenger et al.[28] was
implemented using Monte Carlo (MC) simulations to predict the phosphate tetrahedron
connectivity in alkali and alkaline-earth phosphate glasses. We performed simulations of
the three limiting-case structural models; random, alternating and like species clustering.
By varying the relative energy differences between similar Q"-O-Q”, and dissimilar Q"-
O-_Q"' type bonds, we were able to evaluate the changes in the distributions of different
connectivity patterns and corresponding NMR observables over a continuous range from

the pure alternating structure to the pure clustering structure.
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Computational Details

Monte Carlo simulations were performed by allowing bond formation between
8192 phosphate Q" species placed on a non-constrained 3D lattice, with no long-range
steric effects included. The concentration of Q" and Q"'species was derived from the
glass compositions assuming a simple binary glass system. The MC simulations were
allowed to continue until all bonding connectivity constraints were fulfilled, followed by
identification of the distribution of next-nearest connectivities. The probability of bond
formation was obtained utilizing a discrete bond model (DBM)[28] to determine the

relative bond energies (AE) ( details given the results section). This bonding probability
was defined as P(AE) = e ** | where B = 1/k3T, with kg being the Boltzman constant and

T the temperature. The relative energies reported in the results section are given in terms
of kgT. The FORTRAN 77 source code for these simulations is include in Appendix A, B

and C for both the ultraphosphate and metaphosphate glass composition regions.
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Results

For binary phosphate glasses the addition of a modifying oxide (R} 0)

2/
depolymerizes the structure through the production non-bridging oxygens (NBO) from
bridging oxygens within cross-linked polyhedra. This depolymerization can be denoted

by[29]

2Q’+RY 0 - 2Q?%, (1a)
2Q*+R} 0 —2Q', (1b)
2Q'+R5 0 —2Q°. (1c)

The connectivity of the resulting Q" tetrahedral types is expected to vary based on the

relative energies for the different bond types present in the glass structure.[28] For a
binary phosphate glasses of composition, xR} O«(1-x)P,0;, only the two glass
compositional regions Where unique Q"-Q” distributions occur are of interest; namely 0 <
x < 0.5 where only Q® and Q? species are present, and 0.5 < x <0.67 where Q? and Q!
species are present. At higher modifier mole fractions (x> 0.67) only Q' and Q°
phosphate species are present and do not produce different distributions in connectivity.

For these two compositional regions the different limiting-case structural models are

defined by
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Random distribution
E . E, .=E

AE=0; 0<x<05,

o-g = Pt T Fprg

‘ Egz_Qz =EQ._Q1 =EQ2_Q,,AE=O; 0.5<x<0.67.
Alternate distribution
Egs_Qz < E -0} = EQ’—QZ s AE = EQS—Q3 _EQ3—Q2; 0<x< 05, )
EQZ_Q, & Egz_gz = EQ,_Q, ,AE = Egz_gz —EQ2_Q1; 0.5<x<0.67.
Cluster distribution
EQ3_Q3 = EQZ_Qz < EQ3_Q27 AE = EQB—QZ -EQZ—QZ; 0 S x < 0.5,
EQZ—QZ = EQ]_Ql < EQZ—Ql N AE = EQ2-Q] _EQZ—QZ . 0.5<x<0.67.

In some phosphaté glass systems disproportionation reactions lead to the existence of

. For example, in the zinc phosphate glass series, xZnOe(1-x)P,0s (0.5 < x < 0.71), both
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more that two types of Q” species being present within the glass for a given composition.

the Raman and >'P MAS NMR results indicate some disproportionation of Q' species to
produce Q” and Q” species.[30] The connectivity of phosphate polyhedron in these non-

binary phosphate glasses is therefore a more complex issue, and will not be pursued here.



A. Random Distribution

Analytical solutions for the distribution of next-nearest neighbor phosphate
connectivity resulting from a random distribution of bond types can. be obtained for
simple binary glasses. The distribution of connectivities for a mixture of Q" and Q"
species is most easily'degcﬁbed by the fraction of Q" species having differing number of

Q" groups directly bonded to it. Following the nomenclature of Witter ef. aZ,[27] this

fraction is defined by £(Q™*) where n describes the number of bridging oxygen attached
to the phosphate tetrahedron, and the additional superscripts 7,7,k denote the types of
adjacent bonded Q" tetrahedra. For example, f(Q3’33 ®) represents the fraction of Q having
three Q° tetrahedra directly bonded, while fQ*?) represents the fraction of Q” species
that are bonded to a single Q° and single Q tetrahedron.

For modifier concentrations between 0 < x < 0.5 only Q° and Q” species are
present, so the fraction of Q tetrahedra having 0, 1, 2 or 3 Q* species directly bonded in a

random bond distribution is defined by a binomial distribution [21,31]

fQ@)=(1-5,), (5a)
F(Q¥)=3b,(-b,), (5b)
F(Q)=3b%(1-b), (5¢)

FQ¥)=3b,,, (5d)
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where sz is the mole fraction of Q2 bonds available. For modifier concentrations

between 0 < x < 0.5 the mole fraction of Q° and Q2 bonds is given by

, (6a)

b 3 =
¢ 3-4x
2x
b, = . 6b
¢ 3-4x (6)

Using Egs. (5a), (5b), (5¢), (5d) and (6b) the Q" connectivities for the Q® phosphate
tetrahedron as a function of modifier concentration can be calculated, and are shown in
Fig. 1a. Similarly the distribution around the Q? tetrahedral species is again given by a

binomial distribution

f@Q@)=(01-b,), (T2
F(Q@¥®)= 2b, (1=by), (7b)
F(Q**) =28, (7¢)

Using Egs. (6a), (7a), (7b) and (7¢) the distribution of the Q? species can be calculated
and is shown in Fig. 1b. These distribution curves for the random connectivity will be

compared to the distributions simulated for other structural models below.
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Figure 1. The phosphate tetrahedron distributions, a) AQ*™) and b) AQ*Y) for the binary

phosphate glass, xR}, O«(1-x)P,0;, 0 <x <0.5. Details are given in the text.

16



For modifier concentrations between 0.5 < x <0.67, where the glass is composed

of only Q® and Q' species, the bonding distribution around the Q? tetrahedral species is

given by

@) =(1-byY, (8a)
f (QZ,IZ) = le (l - be ) s (Sb)
fQ@M=8}, | (8¢)

where the normalized mole fractions of the Q* and Q' bonds is given by[32]

4-6x
b ] = ’ 9
¢ T3 4x ©a)
2x-1
b,= . 9b
¢ 3-4x ©b)

Using Egs. (8a), (8b), (8c) and (9b) the distribution of Q2 connectivities can be calculated

and is shown in Fig. 2a. The distribution around the Q' species is defined by

F(Q%)=b, =1- Q™). | (10)

Using Egs. (9a) and (10) the variation of the Q' distributions as a function of modifier

concentration are shown in Fig. 2b.
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Figure 2. The phosphate tetrahedron distributions, a) J‘(QZ"j) and b) Q") for the binary

phosphate glass, xR}, O+(1-x)P,05, 0.5 <x <0.67.
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B. Alternate Connectivity

The distribution of connectivities assuming that Q-Q/ ( i # j ) bond formation is
energetically preferred over Q'-Q’ formation (Eqn 3) leads to glass structures in which the
identity of the Q" species alternate within the network. Alternating Q" structures have
been proposed for zinc phosphate glasses.[33] The MC simulation of the Q" connectivity

distributions as a function of differences in relative energies (AE) are shown for the
modifier concentrations ranges, 0 < x < 0.5 (Figs. 3,4) and 0.5 <x <0.67 (Fig. 5). For the

lérgest AE, alternation of Q" species clearly dominate the distribution (Fig. 3a, 4a, 5a and

5¢). For example, below the metaphosphate concentration (0.0 < x < 0.5), the £Q™)

connectivity fraction (Fig. 4a) is dominant for almost the entire range and only
diminishes when the concentration of the Q® species becomes smaller than ~ 33%.
Similarly, the {Q>*?) fraction (Fig. 3a) becomes dominant after fulfilling the initial
coordination constraints of the Q° polyhedra. The alternation of Q" species is obtained in

lieu of coordination environments that are not fully alternating. For example, the fQ>*>)

2,23

and f(Q3 223y connectivities are not observed in Fig. 3a, nor is the fQ***) coordination

environment observed in Fig. 4a. As expected, when the energy differences between
bond types diminishes ( AE — 0) the observed distributions approach those predicted for
a random distribution. Note the similarity between Fig. 3d and 1a, Fig. 4d and 1b, Fig. 5b
and 2a, and Fig. 5d and 2b. The MC simulations for the alternating distribution model
also reveal that the phosphate connectivities respond differently as a function of AE, and
therefore provide an additional way of estimating the degree of pure alternating

connectivity versus a mixed alternating-random connectivity distribution. For example,
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as AE’s are reduced to ~5 through 1 £37, for 0 <x < 0.5, the concéntration of the AQ***?)
and f(Q3’223 ) connectivities begin to increase (Fig. 3b and 3c¢), signaling the breakdown of
the pure alternating structure. The same trend is also observed for the concentration of the
AQ>?) connectivity (Fig. 4b and 4c). For 0.5 < x < 0.67 this breakdown of the alternating
connectivity is observed at much smaller AE’s, occurring between ~1 and 0.5 k7 (Fig.
5). The MC simulations for the alternating structural model described above will be
comparéd to the experimentally observed distributions from RFDR and 2Q NMR

experiments in the discussion section.
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Figure 3. The phosphate tetrahedron distributions AQ>%*) for a alternating Q"-Q"
structural model in the binary phosphate glass, xRj; O«(1-x)P,05, 0 <x <0.5, fora) AE

=10 kgT ,b) AE =5 kT, c) AE =1 kgT and d) AE = 0.5 kgT. Details are given the text.
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Figure 4. The phosphate tetrahedron distributions {Q>?) for an alternating Q"-Q™
structural model in the binary phosphate glass, xR}, O+(1-x)P,0;, 0 <x <0.5, for a) AE

=10 kT, b) AE =5 ksT, c) AE =1 kzT and d) AE = 0.5 ksT.
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Figure 5. The phosphate tetrahedron distributions for an alternating Q"-Q" structural
model in the binary phosphate glass, xR}, O«(1-x)P,0., 0.5 <x <0.67, for a) AQ)

with AE =1 kT, b) AQ*?) AE = 0.5 kT, ¢) AQ") with AE =1 ksT and d) AQ") with




C. Cluster Connectivity

Monte Carlo simulations assuming that Q'-Q bond formation is energetically preferred
over dissimilar Q-Q/ (i # j) bond formation (Eqn 4) leads to network structures
containing clustering of similar Q" species. The MC simulations of the resulting
connectivity distributions as a function of relative energy differences (AE) are shown for
the modifier concentrations ranges, 0.0 < x < 0.5 (Fig. 6) and 0.5 <x <0.67 (Fig. 7). The
impact of the cluster model on the distributions is larger than the effect observed for the
alternating structural model, and requires much smaller AE’s for deviations from the pure
clustering distribution to be observed. For example, when AF is = 2.5 kT (not shown),
the f(Q3 333y and ]‘(QZ’ZZ) species dominate with approximately unity for the entire
concentration range, 0 < x < 0.5, whereas the fQ***) and Q") are the dominant species
observed for 0.5 <x <0.67. For AE <1 kgT the distribution becomes quite complex as
seen in Fig. 6 and 7. In general, cluster type connectivities are preferred with a
suppression of those species that contain alternating connectivity. As noted above, the
connectivity distributions approach those distributions predicted for a random model as
AF approaches zero (Compare Fig 6c and 1a, Fig. 6f and 1b, Fig. 7c and 2a, Fig. 7f and
2b). The AE’s obtained from these simulations do not correspond to any experimentally
measured AF, but do provide a metric for comparison of the uniqueness and mixing of
the various structural models. The results of these MC simulations for the clustering
structural model will be compared to the experimentally observed distributions from

RFDR and 2Q NMR experiments in the discussion.
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Figure 6. The phosphate tetrahedron distributions for a structural model incorporating Q"
clustering for the binary phosphate glass, xRJ; O+«(1-x)P,0,, 0 <x <0.5; a) f(Q3”7k) with
AE =1 kgT , b) AQ>™) with AE = 0.5 ksT, ¢) AQ>¥) with AE = 0.25 kzT, d) AQ*Y) with
AE =1.0 kgT, €) AQ*") with AE = 0.5 ksT and ) Q>Y) with AE = 0.25 k7. Details are

given the text.
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Figure 7. The phosphate tetrahedron distributions for a structural model incorporating Q"
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Discussion

A. RFDR 2D Exchange Experiments

There have been several RFDR 2D exchange investigations reported for
phosphate glasses.[16,17,21,22] The majority of these NMR investigations discuss
connectivities qualitatively due to concerns of differential exchange rates as well as
interference from unexchanged magnetization along the diagonal. Alam and Brow [21]
recently reported a more quantitative analysis of 2D RFDR exchange experiments for a
series of lithium ultraphosphate glasses. Unfortunately the individual {Q™)

connectivities can not be directly measured from 2D exchange spectra. Instead these

experiments provide estimates of the relative concentration of Q" —Q" linkages through
integration of the exchange cross-peaks at short mixing times.[21] The relative fraction of
Q™-Q" linkages present in the glass structure can be related to the linear combination of

individual Q™) values. For 0 <x <0.5, the relative fraction of bridging P-Og bondsin

aQ’ polyhedron that are attached to Q° species is defined by

P

Q' _n_p?
i =1 By = S oL FQF) 42 £@F)+ FQ), an

e [P-0,] 3

while the fraction of P-O bonds in the Q? polyhedron that are attached to Q° species is

defined by
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Q_n_p?
P OPT LT iy p@e. (12)

Pz 3=1"p2 2
‘e T po,] 2

QQ

Similar arguments for the polyphosphate region, 0.5 < x <0.67, lead to the relative

populations of P-O bonds in the Q? species that are bonded to Q' species:

@ _A.p?
—1-p, o =28 1 Ly s, a3)

P, P ot =
@ [p-0,] 2

ooy

Because the Q' species has only a single bonding oxygen, the relative PQI o distribution is
simply given by sz (Eqn. 9a). By using Eqs. 5-13 the predicted variation of linkages as a
function of modifier concentration can be determined, and are shown in Fig. 8 along with
the experimental distributions reported for the lithium ultraphosphate glasses series.[21]
For these comparisons the limiting case scenarios were investigated by utilizing large AE
during the MC simulations of the alternate (AE = 10 k37" ) and cluster models (AE =5 kgT
). Fig. 8 shows that only the random distribution describes the experimentally observed
intensities of the cross-peaks. The alternating structural model predicts that the Q*-Q?
(solid line, Fig. 8a) intensity decreases more rapidly than observed experimentally, while
Q’—>Q? intensity (dotted line, Fig. 8a) increases more rapidly than the experimental data.
For the pure cluster model the Q*—Q* (solid line, Fig. 8a) and Q° —Q” intensities (dotted
line, Fig. 8a) show little variation with modifier concentration, and are near one and zero,
respectively. For the Q2—>Q3 and QZ—->Q2 exchange intensities (Fig. 8b) large deviations

between experiment and simulations of both the alternating and clustering structural

28



models were observed, with only the random distribution model predicting the correct
dependence as a function of modifier content. As AE decreased for the alternating and
clustering models the resulting structures become more random, with corresponding

improvement in the fit to the experimental data. These results demonstrate that pure

alternating or clustering structures are not present in lithium ultraphosphate glasses.
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B. Double Quantum 2D Exchange Experiments

While there have been several double-quantum (2Q) 31p MAS NMR 2D
exchange experiments reported for phosphate systems, the non-quantitative 2Q
experiment has hindered analysis of connectivity distributions in glasses. Recently Witter
and co-workers[27] presented a novel approach utilizing the chemical shifts obtained
from 2Q 3'P NMR experiments to deconvolute the simple 1D MAS *'p spectra, for a
series of calcium phosphate glasses. Using the quantitative intensities of 1D MAS
experiments, an estimate of the phosphate tetrahedron connectivity distributions for these
calcium phosphate glasses was obtained. More detailed information is available from the
2Q experiment in comparison to the RFDR exchange experiments, since individual
AQ™") values can be directly measured. The reported experimental distributions for the
calcium phosphate glasses are shown in Fig. 9, along with the predictions for a random,

alternate (AE = 0.25 kg7 ) and a cluster model ( AE = 0.25 k7). The experimental

2,12 2,12
)

observation of Q™'7) species for these glasses in comparison to the Q") for a pure
alternating structure shown in Fig. 5a, and the {Q%'?) for a pure clustering structure in
Fig. 7a, immediately eliminates both a pure alternating structure and a pure clustering
structure, and demonstrates that the bonding distribution is predominantly random.
Observations of 2Q NMR Q*-Q' connectivities, along with Q*-Q*and Q'-Q!
connectivities in sodium phosphate glasses,[26] and silver iodine-phosphate glasses[22]
has also been reported. Those 2Q NMR results also prove that for these glasses, pure

alternating or cluster type structures are not present, but instead must contain some

amount of random connectivity. Preliminary 2Q NMR investigations of zinc phosphate

31




glasses suggest that an alternating Q" structure may be the dominant structural motif, but
a more detailed analysis of the NMR results is warranted.[34]

In attempt to improve the fit with the observed experimental distribution in the
calcium phosphate glasses reported by Witter er al.,[27] sirhulations for smaller AE,
representing mixed random-alternate or random-cluster structural types, are shown in Fig.
9. The Q™") distributions have the largest deviation from the random connectivity
predicted fractions (Fig. 9a), but neither the alternating or cluster model can improve
these deviations for all three {Q>?) fractions. The low energy cluster model (AE = 0.25
kpT) improves the fit of AQ**) and ﬂQz’lz) fraction, but offers no improvement in the
fit of j(Qz’“). Similarly the low-energy alternate model (AE = 0.25 kzT) improves the fit
of f(Qz’lz) fraction, but under-estimates the f(Qz,zz) fraction and over-estimates the
AQ>') fraction at larger modifier concentration (Fig. 9a). For the AQ") distributions

.(Fig. 9b) predictions by the random model provides the best fit. These results also
demonstrate that the variations in the model distributions ( in this case AQ*") and AQ") )
as a function of modifier concentration are dependent on the details of the model being
investigated.

For these calcium phosphate glasses it is also possible to envision a structure
where the Q* connectivity is described by a mixed cluster-random model, while the Q!
connectivity is described by a puré random distribution model. Such structural models
involving changes in the connectivity pattern as a function of Q” can quickly become
very complex. With the limited amount of experimental data directly addressing the next-
nearest neighbor connectivity in phosphate glasses, such Q" dependent models were not

pursued here. Given the estimated 25% error reported for the 2Q NMR experimental
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distributions,[27] the connectivity distribution results for the calcium phosphate glass

series are most accurately described by a random model.
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Figure 9. A comparison of the {Q*Y) and Q") connectivity distributions determined for

calcium orthophosphate glasses by 2Q 2D 3p MAS NMR and the predicted distributions

for a random ¢

), alternating, AE = 0.25 kgT (-------- ), and a cluster model, AE =

0.25 kgT (—--). In a) the experimental {Q*>*) (@), AQ*'?) (O) and AQ*'}) ( M) values

are shown, while in b) f(Ql’z) (@), AQ™) (O) are presented. The concentrations were

calculated from relative intensities reported in Ref. [27].
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Conclusions

Comparison of the distribution of next-nearest neighbor Q" connectivities from
Monte Carlo simulations and experimental 2D RFDR and double-quantum *'P NMR
experiments has allowed a critical evaluation of different structural models including
random, alternating and clustering bonding distributions. The variation in polyhedron
connectivity as a function of the relative difference in bond energies for the structural
models investigated enable the uniqueness of the various models to be determined.
Comparison of the MC simulations and the experimental distributions demonstrate that
for both the calcium pyrophosphate glass series and the lithium ultraphosphate glass
series, the phosphate polyhedron connectivity is most accurately described by a random

distribution.
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Appendix A - (Ultraphosphate Region - MONTEQ3Q2)

¢ monteq3q2.for

c

¢ Monte Carlo Simulation of glass connectivity based on K

¢ of formation constant. For ultraphosphate concentration range
c 0<x<05

c

¢ Written Alam 3/99 (tmalam@sandia.gov)

¢ Sandia National Laboratories

c

c

program monteq3q2

implicit none

real mconc, g3conc,q2conc,ranval,energy

real £q33,1932,931,f930,fq22,fq21,1q20,eq3q3,eq392,eq2q2
integer*2 ibr,imin,isec,iseed

integer ii,i,j,k,nq,933,932,931,930,922,921,920,93,92
integer site(16384,4), conn(16384,4), nsites

nsites=8192

write(*,'(a,$)") ' Energy of Q3-Q3 (kT) =>"
read(*,*) eq3q3
write(*,'(a,$)") ' Energy of Q2-Q2 (kT) =>"
read(*,*) eq2q2
write(¥,'(a,$)") ' Energy of Q3-Q2 (kT)=>"
read(*,*) eq3q2

c

¢ open output files

c
open(10,file="q33.dat',form="formatted', status="unknown’)
open(11,file='q32.dat' . form="formatted’, status='unknown')
open(12,file="q31.dat',form="formatted', status='unknown')
open(13,file='q30.dat' . form="formatted', status='unknown")
open(14,file='q22.dat' . form="formatted', status="unknown')
open(15,file="q21.dat'.form="formatted’, status="unknown")
open(16,file="q20.dat’,form="formatted', status="unknown")

c

¢ loop over modifier concentration

c
mconc=0.005
do 9 ii=1,64
g2conc=mconc/(1.0-mconc)
q3conc=1.0-q2conc

do 10 i=1,nsites
do 10j=14
site(i,j)=0
conn(i,j)=0
10 continue
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C

¢ loop over all possible sites in simulation site(i,j)
¢ iis site identification

¢ j=1 is Q identity j=2 is bonds already filled

c

call gettim(ihr,imin, isec,iseed)
call random_seed()
do 40 i=1,nsites

c
¢ randomly fill site identity Q2, Q3
c -

call random_number(ranval)

if (ranval .le. q3conc) then
site(3,1)=3
else if (ranval .gt. g3conc) then
site(i,1)=2
else
write(*,*) ' Error in random site generation'
endif

40 continue

c
¢ Begin crystallization of sites
c
g3conc=qg3conc*nsites
g2conc=qg2conc*nsites

do 50 i=1,nsites

z For site i test to see if bonding arrangement is full
¢ if (site(i,1) .ne. site(i,2)) then
energy=0.0
do 60 j=1,nsites
cc: check to see if binding to itself
) if (j .ne. i) then
i check to see if j site is full
) if (site(j, 1) .ne. site(j,2)) then
z check to see if already bonded
¢

do 65 k=1,site(i,1)

if (conn(i,k) .eq. j) goto 60
65 continue
c
c
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if (site(i,1) .eq. 3) then
if (site(j,1) .eq. 3 ) then
energy=eq3q3-eq3q2
call bond(i,j,energy,site,conn)
else if (site(j,1) .eq. 2 ) then
energy=eq3q2-eq3q3
call bond(i,j,energy,site,conn)
else
write(*,*) ' Error idenity j loop'
endif
else if (site(i,1) .eq. 2) then
if (site(j,1) .eq. 3 ) then
energy=eq3q2-eq2q2
call bond(i,j,energy,site,conn)
else if (site(j,1) .eq. 2) then
energy=eq2q2-eq3q2
call bond(i,j,energy,site,conn)
else
write(*,*) ' Error idendity - j2 loop'
endif

else
write(*,*) ' Error in site identification - loop i'

endif

endif

endif

if (site(i, 1) .eq. site(i,2)) goto 50

60 continue
endif

50 continue
write(*,*) " Annealing Completed ", mconc

q33=0
q32=0
q31=0
q30=0
q22=0
q21=0
q20=0
ng=0

do 100 i=1,nsites

c
¢ determine tetrahedral types - use only those fully connected
c

if(site(i, 1) .eq. site(i,2)) then

ng=nq+1

if(site(i,1) .eq. 3) then

q3=0
do 150 j=1,3
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if (site(conn(i,j),1) .eq. 3 ) then

q3=q3+1
endif

150 continue

if(q3.eq.3) then
q33=q33+1

else if (q3.eq.2) then
q32=q32+1

else if (q3.eq.1) then
q31=qg31+1

else

q30=q30+1

endif

else if (site(i,1) .eq. 2 ) then

q2=0
do 160 j=1,3

if (site(conn(i,j),1) .eq. 2 ) then
q2=q2+1
endif

160 continue

if(g2.eq.2) then
q22=q22+1

else if (q2.eq.1) then
gq21=g21+1

else

q20=q20+1

endif

else
write(*,*) " Error in final site analysis "
endif

endif

100 continue

¢ determine fractions

fq33=real(q33)/real(q33+q32+q31+q30)
fq32=real(q32)/real(q33+q32+q31+q30)
fq31=real(q31)/real(q33+q32+q31+q30)
fq30=real(q30)/real(q33+q32+q31+q30)
fq22=real(q22)/real(q22+q21+q20)
fq21=real(q21)/real(q22+q21+q20)
fq20=real(q20)/real(q22+q21+q20)

write(*,*) fq33,fq32,fq31,fg30
write(*,*) fq22,fq21,120
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write(10,*) mconc,fq33
write(11,*) fq32
write(12,*) fq31
write(13,*) fg30
write(14,*) fq22
write(15,*) fg21
write(16,*) fq20
mconc=mconc+(0.5/64.0)
continue

close(10)
close(11)
close(12)
close(13)
close(14)
close(15)
close(16)
stop

end
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Appendix B - MONTE_NMR (Metaphosphate Region - MONTEQ2Q1)

¢ monteq2ql.for

c

¢ Monte Carlo Simulation of glass connectivity based on K
¢ of formation constant - for meta-pyrophosphate region
¢ 0.5<x<0.67

c

¢ Written Alam 3/99 (tmalam@sandia.gov)

¢ Sandia National Laboratories

c

c

program monte2 1

implicit none

real mconc, qlconc,q2conc ranval,energy

real fq12,fq11,1922,fq21,f920,eq2ql,eqlql,eq2q2
integer*2 ihr,imin,isec,iseed

integer ii,i,j,k,nq,q11,912,422,q21,920 ,q2

integer site(16384,4), conn(16384,4), nsites

nsites=8192

write(*,'(a,$)") ' Energy of Q1-Q1 (kT) =>"
read(*,*) eqlql
write(*,'(a,$)") ' Energy of Q2-Q2 (kT) =>"
read(*,*) eq2q2
write(*,'(a,$)") ' Energy of Q1-Q2 (kKT) =>"
read(*,*) eq2ql

c

c open output files

C
open(10,file='q22.dat",form="formatted', status="unknown')
open(11,file="q21.dat', form="formatted', status="unknown")
open(12,file='q20.dat',form="formatted’, status="unknown’)
open(13,file='q12.dat',form="formatted’, status="unknown’)
open(14.file='q11.dat',form="formatted’, status="unknown")

c
¢ loop over modifier concentration
C
mconc=0.505
do 9 ii=1,64
g2conc=(2.0-3.0*mconc)/(1.0-mconc)
qlconc=1.0-q2conc

do 10 i=1,nsites
do 10j=1.4
site(,j)=0
conn(i,j)=0



10 continue

c lodp over all possible sites in simulation site(i,j)
¢ i1is site identification
¢ j=1 is Q identity j=2 is bonds already filled

call gettim(ihr,imin,isec,iseed)
call random_seed()
do 40 i=1,nsites

(v -
¢ randomly fill site identity Q2, Q1
o :

call random_number(ranval)

if (ranval .le. g2conc) then
site(i,1)=2
else if (ranval .gt. g2conc) then
site(i,1)=1 '
else
write(*,*) ' Error in random site generation'
endif

40 continue

c
¢ Begin crystallization of sites
c
qlconc=qlconc*nsites
g2conc=q2conc*nsites

do 50 i=1,nsites

c

¢ For site i test to see if bonding arrangment is full
c .
if (site(i,1) .ne. site(i,2)) then

energy=0.0

do 60 j=1,nsites
2 check to see if binding to itself
) if (j .ne. i) then
2 check to see if j site is full
) if (site(j,1) .ne. site(j,2)) then
z check to see if already bonded
c

do 65 k=1,site(i,1)

if (conn(i,k) .eq. j) goto 60
65 continue
c
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if (site(i, 1) .eq. 2) then
if (site(j,1) .eq. 2 ) then
energy=eq2q2-eq2ql
call bond(i,j,energy,site,conn)
else if (site(j,1) .eq. 1 ) then
energy=eq2ql-eqiql
call bond(i,j,energy,site,conn)
else
write(*,*) ' Error idenity j loop'
endif
else if (site(i,1) .eq. 1) then
if (site(j,1) .eq. 2 ) then
energy=eq2ql-eqlql
call bond(i,j,energy,site,conn)
else if (site(j,1) .eq. 1) then
energy=eqlql-eq2ql
call bond(i,j,energy,site,conn)
else
write(*,*) ' Error idendity - j2 loop’
endif

else
write(*,*) ' Error in site identification - loop i'

endif

endif

endif

if (site(i,1) .eq. site(i,2)) goto 50

60 continue
endif

50 continue
write(*,*) " Annealing Completed ", mconc

q22=0
q21=0
q20=0
ql2=0
ql1=0
ng=0

do 100 i=1,nsites

c
¢ determine tetrahedral types - use only those fully connected
c

if(site(i,1) .eq. site(i,2)) then

ng=nqg+1

if(site(i,1) .eq. 2) then
q2=0
do 150 j=1,2
if (site(conn(i,j),1) .eq. 2 ) then
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q2=q2+1
endif

150 continue

if(q2.eq.2) then

q22=q22+1

else if (q2.eq.1) then

q21=q21+1

else if (q2.eq.0) then

q20=q20+1

else

write(*,*) ' Error in tetra type id'
endif

else if (site(i,1) .eq. 1 ) then

q2=0
do 160 j=1,1

if (site(conn(i,j),1) .eq. 2 ) then
q2=q2+1
endif

160 continue

if(q2.eq.1) then
ql2=ql12+1

else
qll=qli+1
endif

else
write(*,*) " Error in final site analysis "
endif

endif

100 continue

C

¢ determine fractions

[

write(*,*) q22,q21,q20,q12,q11
fq22=real(q22)/real(q22+q21+q20)
fq21=real(q21)/real(q22+q21+q20)
fq20=real(q20)/real(q22+q21+q20)
fql2=real(q12)/real(q12+ql1)
fql1=real(q11)/real(q12+ql1)

write(*,*) mconc,fq22,fq21,120,1q12,fq11
write(10,*) mconc,fq22

write(11,*) fq21

write(12,*) f920

write(13,*) fq12

write(14,*) fq11
mconc=mconc+(0.17/64.0)
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9

continue

close(10)
close(11)
close(12)
close(13)
close(14)

stop
end
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Appendix C - Subroutine Bond

¢ subroutine bond

c

¢ subroutine to determine if a bond will be formed
¢ given a set of rate constants and concentrations

subroutine bond(i,j,energy,site,conn)

integer site(16384,4), conn(16384.4), i,j,k,1
real energy,ranval,prob

call random_seed()
call random_number(ranval)
prob=exp(-energy)

c
¢ test and create bond if excepted
c
if(ranval .le. prob) then
do 10 I=1,site(i,1)
if(conn(i,l) .eq. 0) then
conn(i,l) =j
site(i,2) = site(i,2)+1
do 15 k=1site(j,1)
if(conn(j k) .eq. 0) then
conn(j,k) =i
site(j,2) = site(j,2)+1
goto 20
endif
15 continue
write(*,*) "error in conn"
endif
10 continue
write(*,*) 'Error in bond formation'
stop
endif
20 return

end
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