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X-ray Photoelectron Spectroscopy (XPS) has proven and

continues to be a useful technique in the characterisation of

alkali silicates, alkaline earth silicates, and other novel

forms of bioactive glass [1–3]. Binding energy of O 1s

electrons is revealing of the role played by cations intro-

duced into a glass network and thus helps to establish the

reactivity of different glass formulations [4]. Bridging

(BO) and non-bridging oxygens (NBO) corresponding to

network formers/modifiers can be distinguished in most

cases [3–6]. Network modifiers provoke the disruption of

the continuity of the glass network due to the breaking of

Si–O–Si bonds [7] with the resulting NBO appearing at a

lower binding energy. Hence, the study of the bonding

configuration of glasses and the identification of the Si–O–

NBO groups by analytical techniques, such as XPS, can

contribute to improving the ability to design new glass

formulations [7].

XPS is a surface sensitive technique and contaminants

on the surface can have undesirable effects on measure-

ments. A glass surface exposed to air can minimise high

energy surface sites by adsorbing molecules from the

atmosphere with the kinetics of the process depending on

the glass composition and thermal processing of the surface

[8]. Oxygens from adsorbed molecules such as H2O, CO,

CO2, and hydrocarbon species contribute to the O 1s

peak and can interfere in the evaluation of BO and NBO

content in glass. In order to minimise contamination, glass

specimens are generally cleaved in ultra high vacuum

giving rise to pristine surfaces.

The glass formulation under investigation here was

originally synthesised for the purpose of developing a

novel glass polyalkenoate cement (GPC) [9, 10]. In a

recent study by the authors [2], XPS was used to charac-

terise the glass phase of one of these glasses (BT101—

4SrO�12CaO�36ZnO�48SiO2) in its powdered form. In this

letter, however, XPS is used to characterise the same glass

formulation produced by the traditional melt quench route

(GMelt) described in detail elsewhere [9, 10] and compared

with samples produced in glass rod form. BT 101 rod was

produced by weighing out appropriate quantities of ana-

lytical grade reagents (Sigma–Aldrich, Dublin, Ireland)

and firing in a platinum crucible (1480 �C, 1 h). In a sep-

arate furnace, a graphite mould was placed at Tg-20 �C and

was filled with the glass melt and held at this temperature

for 1 h before furnace cooling. Glass rods were cut and

shaped into approximate dimensions of 15 9 3 9 3 mm3.

XPS was performed using a Kratos AXIS 165 spec-

trometer. A monochromatic Al Ka radiation source

(ht = 1486.6 eV) at a fixed pass energy of 20 eV was

used. All spectra were calibrated using C 1s of adventitious

carbon as a reference. Surface charge was efficiently neu-

tralised by flooding the sample surface with low energy

electrons. The glass rod was fractured (GFrac) in the treat-

ment chamber (2 9 10-8 torr) and transferred immediately

into the analysis chamber where the pressure was main-

tained at *2 9 10-9 torr. This fractured surface was then

exposed (GExp) in air for 10 days and analysed, and then

ground to a powder (GPow) for further analysis. For peak

synthesis of high resolution spectra, a mixed Gaussian-

Lorenzian function with a Shirley type background sub-

traction was used. Average data from duplicate analyses

are quoted with an uncertainty of less than ± 1%, except
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for C and O concentrations of powder and exposed frac-

tured surface which were better than ± 2.5%. For O 1s

photoelectron peaks which are not well resolved, choice of

initial fitting parameters can affect the uncertainty in

evaluating NBO and BO components.

High resolution photoelectron spectra of Zn 2p, Ca 2p,

Sr 3d, Si 2p, O 1s, and C 1s were recorded for the different

forms of glass. The relative atomic concentrations of Zn,

Ca, Sr (collectively classed as M), and Si are presented in

Table 1. Zn, Ca, and Sr are believed to act as modifier

cations in the glass network [11].

It is evident from Table 1 that there is a significant

difference in the concentration of cations detected, in

particular between GMelt and GFrac. The ratio of Si:M was

found to be much higher for GMelt (2.1) as compared to

GFrac (1.4), GExp (1.6) and GPow (1.6) and this is likely due

to the GMelt sample being shock quenched in water. An

aqueous environment acts as a medium where ions present

on a glass surface will migrate. Also, the glass frit pro-

duced during GMelt has a much higher surface area which

will enhance ion migration. An increase in Zn2? and Ca2?

is observed for the GFrac surface and is generally higher in

other forms produced by the glass rod route (GExp and

GPow). When GFrac surface is left in air, the Si:M ratio

decreases and reaches that of GPow. It is apparent there is a

significant contribution from the processing history of

powder and rods, whilst they are made of the same

formulation.

Figures 1 and 2 show the O 1s spectrum for GFrac and

GMelt, respectively. The O 1s spectrum for GFrac surface is

a single peak, however, the asymmetry and full width half

maximum (FWHM) of 2.1 eV indicate the existence of two

component peaks. Since there is no evidence of hydro-

carbon contaminants containing oxygen from the C 1s

spectrum on the vacuum cleaved surface (Fig. 3); the

oxygen peak can be resolved confidently into two com-

ponents to represent BOs and NBOs. The asymmetry is on

the higher binding energy region, therefore the NBOs can

be selected first to conform to the steep right side of the

peak and allow the data processing software (CasaXPS)

freedom to fit the rest of the spectrum with a second

component peak belonging to BOs. The % area under the

curves labelled BO and NBO agrees well with theoretically

Table 1 Relative percentage atomic concentration of modifiers

(M = Zn, Ca, Sr) and Si of BT101 glass in its different forms

Glass form Zn Ca Sr Si Si/M

GMelt 17.4 9.4 5.1 68.0 2.1

GFrac 23.3 13.6 5.4 57.7 1.4

GExp 19.4 13.1 6.0 61.5 1.6

GPow 19.6 13.2 5.7 61.5 1.6

Fig. 1 High resolution O 1s spectrum of vacuum GFrac rod

Fig. 2 High resolution O 1s photoelectron spectrum of GMelt

Fig. 3 High resolution C 1s photoelectron spectrum
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calculated values shown in Table 2, using the Eq. 1 which

gives the fraction of NBOs [12]. Uncertainty in the % area

measured from BO and NBO peaks is less than ± 1%.

NBO

OT

¼ 2�mol%M

mol%M þ ð2�mol%SiO2Þ
ð1Þ

This equation is based on the condition that every M2?

ion has two neighbouring NBOs. Mol% M and mol% SiO2

correspond to the total concentration of modifiers (Zn, Ca,

and Sr) and Si in the glass as determined by quantitative

XPS given in Table 1. OT is the total oxygen content which

is equal to one oxygen in each mol% of M and two oxygens

in each mol% of SiO2.

NBOs can arise from similar chemical environments in

different physical forms of the same glass formulation

BT101; therefore, FWHM and binding energy of the NBO

component of the different forms of glass are constrained

to that of the GFrac rod. O 1s spectrum for GMelt shown in

Fig. 2 is more symmetrical and has a FWHM of 2.5 eV.

The related C 1s spectrum shows the presence of C–O and

carboxyl groups with the corresponding oxygens appearing

at binding energies of *532 eV [13]. This contribution can

be subtracted from BO component and the corrected per-

centage composition of NBOs and BOs is presented in

Table 2. Error in the measurement of FWHM of the BO

peak is less than ± 0.8 eV. There is good agreement with

those calculated from modifier and Si compositions

obtained from Table 1 using Eq. 1. Table 2 also illustrates

the ratio of BO/NBO for each sample. It is evident that the

GMelt sample has a much lower ratio of BO/NBO (0.69) as

compared to each of the glass rod samples, GFrac (1.09),

GExp (0.94), and GPow (0.95). Again this is likely due to the

production route where the bulk glass that is cooled slowly

in a furnace retains more cations, predominantly Zn2? than

the glass melt quench route where cations are leached into

water during cooling.

When the GFrac surface is left exposed to air (GExp), spe-

cies containing C–O (286.2 eV) and carboxyl (288.8 eV)

groups start to develop as observed from the C 1s spectrum

shown in Fig. 3. It is also evident that there is a reduction in

the ratio of BO/NBO with GExp and GPow as compared to

GFrac. In the study of alkali tellurite glasses by Himei et al.

[14], O 1s peak of glass exposed in atmosphere had a higher

binding energy component absent from vacuum fractured

glass which was later assigned to oxygen in contaminant

carbonates and hydroxides. Since the oxygens can be

accounted for within an uncertainty of ± 1.7%, it is likely

there is no significant adsorption of water/hydroxyls from

moisture in the atmosphere and BT101 glass may be less

hygroscopic than other glass formulations.

It is also interesting to note that there is an enrichment of

Zn2? at the surface of GFrac in conjunction with a corre-

sponding decrease in Si concentration (57.7%) compared to

GExp (61.5%) and GPowd (61.5%). This phenomenon is

supported by studies on alkali silicate glasses where Na?

[15, 16] and K? [17, 18] enrich the surface of a fractured

glass. Molecular simulation studies of SiO2–Na glasses

have shown that upon cleaving a surface, there is a spon-

taneous migration of Na? ions to the surface region

accompanied by NBOs [19]. Similar studies on SiO2–Al–

Ca–Na glasses show, in addition to Na? being the domi-

nant migrant, evidence for migration of Ca2? ions [16]. A

lower surface free energy environment drives the migration

of network modifiers while the network formers such as Si

and Al remain evenly distributed. Size and valency effects

in the phenomenon of surface enrichment are not yet fully

understood. In this study of BT101 glass, there is prefer-

ential enrichment of Zn2? with an increase in the propor-

tion of NBO. The relative atomic concentration of Zn in

BT101 glass is high and can give rise to a steeper diffusion

gradient. Furthermore, Zn?2 divalent cation is small

(74 pm) compared to Ca?2 (99 pm) or Sr?2 (141 pm) and

suggests that smaller cations have preference to migrate

and enrich the surface. As the cleaved surface is left in air,

adsorption of molecules from the atmosphere disturbs the

surface equilibrium dynamics resulting in a decrease in the

modifier cation concentrations. Quadrupole mass spec-

troscopy and surface ionization studies [15] have measured

atomic Na emission accompanying fracture of sodium tri-

silicate glass and emission peaks at 3–6 ms after a fracture

Table 2 Binding energy (eV),

FWHM (eV), and the

experimental (corrected) and

calculated percentage of NBOs

and BOs in the different forms

of the BT101 glass

Glass form Binding

energy (eV)

FWHM (eV) Corrected/

calculated area %

Ratio

NBO/BO

GMelt 530.8 1.44 40.8 ± 0.7 (39.7) 0.69

532.0 1.83 59.2 ± 0.7 (60.3)

GFrac 530.8 1.44 52.2 ± 0.6 (53.8) 1.09

531.8 1.87 47.8 ± 0.6 (46.2)

GExp 530.6 1.44 48.5 ± 0.8 (47.7) 0.94

531.6 1.95 51.5 ± 0.8 (52.3)

GPow 530.8 1.44 48.9 ± 0.6 (47.2) 0.95

532.0 1.81 51.1 ± 0.6 (52.8)
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event and decay over tens of milliseconds. It may be that

Zn2? ions are liberated after fracture when left exposed

revealing more of the underlying Si groups. Understanding

of this phenomenon is beyond the scope of this study and

will be explored further by other theoretical and experi-

mental investigations.

In this letter, XPS measurements highlight the differ-

ences in the surface composition of BT101 glass produced

from different processing routes, namely powder and rods

and also the effect of exposure to contaminants from the

surrounding atmosphere. Vacuum cleaved surface mea-

sures an appreciable increase in modifier cations. This may

have implications when evaluating accompanying BO and

NBO content of glass. However, further studies on differ-

ent glass formulations with different size and valency

cations will be essential to understand the mechanism of

cation enrichment on vacuum cleaved glass surfaces.
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