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Raman scattering of B,O; has been performed from room temperature to 1273 K to study structural
changes as the glass transforms into the melt via the supercooled regime. It is found that a structural
model containing threefold six-member planar boroxol rings and chains of BO; triangles can explain the
experimental spectra. From the behavior of the internal vibrations of the boroxol rings and the BO; tri-
angles, we conclude that these molecular units do not change significantly as the temperature increases
whereas the connectivity of the units is strongly affected. Still, network connectivity is observed in this
“strong” liquid far above T,,, where the presence of transverse acoustic modes have also been reported.
This supports the idea of a relation between structural properties and the dynamics of the liquid-glass
transition as suggested in the “strong-fragile” classification scheme. The structural changes are demon-
strated by the intensity profile of the spectra. It is shown that the strongest vibrational mode at 808
cm !, attributed to the breathing mode of boroxol rings, decreases rapidly in intensity as the tempera-
ture is raised above the glass transition temperature 7,. The high-frequency multicomponent band at
1200-1600 cm ™! also displays anomalous temperature behavior above T,. A significant redistribution
of the intensity from the two narrow lines at ~1210 and ~ 1260 cm™! into the broad band at ~ 1325
cm™! is found. The observed effects are consistent with a gradual breakup of boroxol rings, which
change into chains of BO; triangles as the temperature increases above T,. From a detailed analysis of
the temperature dependence of the spectra, the structure is estimated to consist of about half of the num-
ber of atoms in boroxol rings at T,. Heating the glass to the melting temperature leads to breaking of
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about 1 of the boroxol rings.

I. INTRODUCTION

The structural changes that may accompany glass for-
mation in various systems are suggested to be related to
their respective dynamics in the supercooled regime.'?
In the case of network glasses such as B,0;, SiO,, and
GeO,, with strong covalent interactions, it has been pro-
posed that the transformation to a liquid occur through
temperature-activated bond breaking, which may explain
the Arrhenius behavior of the viscosity and structural re-
laxation time in these systems.? However, using common
techniques for structural studies, such as neutron and x-
ray diffraction, and extended x-ray absorption fine struc-
ture (EXAFS), only very small changes are observed,’
which can be accounted for by the change in density.
For instance, recent pulsed neutron-diffraction measure-
ments* of B,O, reveal the presence of well defined molec-
ular units whose structure does not change significantly
with increasing temperature in the wide range from the
glassy state to far above the melting temperature, apart
from thermally induced fluctuations of bondlengths.
Similarly we found that the Brillouin spectra of B,0; are
hardly affected by temperature;’ transverse modes were
detected over more than 800 K above T,, which is the
widest range of observation of shear waves so far report-
ed for a glass-forming liquid. Small changes of the struc-
ture are often observed more clearly in vibrational spec-
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troscopy and the breaking of bonds in a continuous net-
work is expected to lead to significant changes of the vi-
brational spectrum, e.g., intensity and softening effects of
the involved modes. The aim of the present study is to
investigate changes of the vibrational Raman spectrum of
B,0; as the temperature is varied from that of the liquid
through the supercooled regime to the glassy state and
relate these to structural changes.

The structure of vitreous boron oxide (B,0;) has been
a much debated issue for many years (for a review see
Ref. 6). Although it is generally accepted that the molec-
ular building block of vitreous B,O; is the planar BO,
groups, the manner in which the BO; triangles are con-
nected is much discussed. Note that for the continuous-
random-network model there is no preferential relative
orientation between the triangles required except that
dictated by geometrical limits. Some experimental obser-
vations of B,0;, such as the sharp Raman vibrational
mode at 808 cm™!,” and specific features in the nuclear
magnetic resonance® (NMR) and nuclear quadrupole res-
onance’ (NQR) spectra, give strong indications of well
defined molecular entities in the structure suggested to be
boroxol rings (B;O¢). Recent molecular vibrational cal-
culations using a model based on a Bethe lattice of borox-
ol rings are found to reproduce the experimental Raman
spectra very well and also enables one to explain isotope
shifts of the vibrational modes.!® The amount of boron
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atoms in boroxol rings was estimated in the NQR study’
to be ~85%. Accurate neutron-diffraction measure-
ments are reported to be consistent with a structural
model containing 60% boroxol rings.® In contrast, some
molecular-dynamics simulation studies'"'? demonstrate
structures that are absent of boroxol rings and still in
good agreement with neutron and x-ray determined
structure factors. The general view, however, seems to be
that vitreous B,0; consists of a large amount of boroxol
rings though the estimated concentration of rings varies.
Little is known about the ring concentration in the super-
cooled and liquid state of B,O;.

There are only a few reports on the vibrational behav-
ior of B,O; above Tg,13 whereas the vibrational spectrum
of the glassy state has been extensively investigat-
ed.”1%13717 The Raman spectrum of B,0; is markedly
different from those of other network glasses. The most
prominent feature is the highly polarized, extraordinary
sharp (~15 cm™!) and very intense mode at 808 cm ™',
which from isotope-substitution measurements'> has been
unambiguously attributed to a breathing-type vibration
of the plane boroxol ring. Such an assignment is further
supported by the sharpness of the peak, which is different
from the broad features usually characterizing the disor-
dered network of glass and, which suggests a strongly lo-
calized mode.” 113717

Other indications of localized dynamics are the two
unusually sharp lines of much weaker intensity report-
ed”'® at 1210 and 1260 cm ~'. In the study of boron and
oxygen isotopically substituted glasses!® they are assigned
to B-O stretching vibrations involving both ring and net-
work contributions. The remaining Raman lines are
much broader and similar to those of network glasses in
general. They have been assigned to various vibrations of
the random B-O network.” 117

In the present study we analyze the boroxol breathing
mode at 808 cm ™! and the high-frequency band around
1200—1600 cm ™!, which is a multicomponent band relat-
ed to both the boroxol rings and the network. The Ra-
man spectrum of the latter band shows a dramatic redis-
tribution of intensity from boroxol related modes to B-O
network related modes as temperature increases. Of spe-
cial interest is the temperature region around the glass
transition for which the structural changes are expected
to be initiated and for which there are so far no Raman
measurements reported. This range could be investigated
by use of a small size sample cell, which would allow that
T, can be passed without breaking the cell.

II. EXPERIMENTAL PROCEDURE

The B,0O; glass was prepared from 99.999%-purity
B,0; powder, which was vacuum heated at 180°C for 24
h to reduce any water content. The dehydrated powder
was melted in an alumina crucible and a clear bubble free
melt was obtained after 4 h at 1000°C. It was kept for
another 24 h at 1000°C to remove residual water and
then quickly cooled into a room-temperature glass. The
hygroscopic sample was then transferred to a N, atmo-
sphere container where it was broken into smaller pieces
and loaded into the optical sample cell. In the remelting
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process of the glass, when situated in the Raman furnace,
bubbles formed and they were removed by heating at
1000 °C in vacuum for about 1 h prior to the Raman mea-
surements. The B,0; sample was contained in a narrow
cylindrical quartz tubing (inside diameter 3 mm) with an
optical flat window fused to the bottom of the tube. The
measurements at high temperatures were performed by
means of a cylindrical furnace with three windows, 90°
apart, which allowed passage of the laser beam and the
detection of 90° scattering. The temperature of the fur-
nace was controlled by an Eurotherm power supply. The
temperature of the sample was determined by a chromel-
alumel thermocouple placed close to the sample wall.
The accuracy of the temperature is =1 K and the stabili-
ty better than +0.5 K over a Raman recording.

The light source is an Ar-ion laser (Spectra Physics
model 2020) operating at 488 nm with a typical output of
700 mW. The polarization of the incident beam was con-
trolled by a half-wave plate and the scattered light was
analyzed by rotating a polarizing prism. Raman spectra
were recorded in both V'V geometry (incident and scat-
tered light is polarized vertical to the scattering plane)
and VH geometry (perpendicular polarizations). A dou-
ble monochromator (Spex 1403) with 1800 lines/mm
holographic gratings was used to resolve the Raman
spectra. The slits were set to give a measureed resolution
of 2 cm ™!, The scattered light was detected by a cooled
photomultiplier (RCA model 31034-76). A Spex
DM3000R was used for automatic scanning of the select-
ed frequency range, for photon counting, and for storage
of the spectra. Every spectrum obtained is the result of
the repeated scanning and accumulation of, on average,
10 spectra. The spectra were corrected for background
and thereafter temperature reduced. The reduced spectra
I, () were obtained from the experimental spectra I(w)
according to

S C R
[1+n(0,T)] "’

where n(w,T) is the Bose-Einstein population factor.
Such a reduction is necessary to be able to compare spec-
tra at different temperatures. A multicomponent fit of a
set of lorenzians were applied to each of the observed
spectra as discussed below.

Ip(0)=I(0) (1)

III. RESULTS

The Raman spectrum of vitreous B,0O; in the
100—1800-cm ™! region is shown in Fig. 1(a) for ¥V and
VH polarization, respectively. Values for the degree of
polarization Iy /Iy, frequency Av, and full width at
half height (FWHH) of the strongest mode are shown in
the figure. The spectral characteristics are in close agree-
ment with those reported for B,0; in the literature.” 3~
The temperature evolution of the spectrum was investi-
gated over a wide range from room temperature through
the glass transition temperature [7, =533 K (Ref. 18)]
and up to 1273 K. Representative spectra are demon-
strated in Fig. 1(b).

Without further analysis some general tendencies are
immediately obvious from Fig. 1(b). As temperature in-
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creases there is an intensity increase in the low-frequency
spectrum around 525 cm™!, in contrast the mode at
~808 cm ™! decreases rapidly in strength [see inset in
Fig. 1(b)] as is also the case for the higher-frequency
range 1200-1300 cm™!, whereas there is an intensity
enhancement above 1300 cm ~!. In the following we will
discuss in detail the behavior of the well defined mode at
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FIG. 1. (a) Room-temperature Raman spectrum of B,0; for
VV and VH polarization. The peak frequency, full width at half
height, and polarization ratio of the strongest mode at the 808-
cm ™! mode are noted. (b) Raman spectra of vitreous and mol-
ten B,O; at 293, 373, 533 (T,), 723 (T,,), and 1273 K. Inset
shows Raman spectra of the 808-cm ™! mode for different tem-
peratures (293, 473, 533, 573, 673, 723, 773, 873, 973, 1073,
1173, and 1273 K).
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FIG. 2. Temperature dependence of the frequency shift of
the 808, 1210, and 1260-cm ™! modes. Lines are guides for the
eye.
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~808 cm™! and the multicomponent band in the
1200-1600-cm ~ ! range.

The position of the 808-cm ™! peak is only weakly tem-
perature dependent, see Figs. 2 and 3, whereas the half
width and intensity are strongly affected as demonstrated
in Figs. 3 and 4. The results obtained for the room-
temperature glass and those from the melt are in good
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FIG. 3. Temperature dependence of the frequency and half
width (full width at half height) of the 808-cm ! mode.
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FIG. 4. Inverse temperature dependence of logarithmic in-
tegrated intensity of the 808-cm ! mode for vitreous and molten
B,0;. Right scale indicate the amount of boroxol rings estimat-
ed as described in the text.

agreement with previously reported observations.”!3

There are no literature data available for comparisons for
the range from room temperature through the glass tran-
sition up to the melting temperature 723 K. It can be
seen in Figs. 3 and 4 that this range marks a crossover for
all spectral characteristics, especially notable in the case
of the frequency and logarithmic intensity, which change
from almost constant behavior for T'<T, to strongly
temperature dependent above T,.

The band in the 1200-1600-cm ™! region is presented
in Fig. 5 for various temperatures. A multicomponent
analysis reveal room-temperature components at about
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FIG. 5. Raman spectra of the high-frequency multicom-
ponent band of vitreous and molten B,0; at 293, 473, 533, 573,
673, 723, 773, 873, 973, 1073, 1173, and 1273 K. Inset shows ex-
perimental curve and curve fit of the multicomponent band at
room temperature.
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FIG. 6. Integrated Raman intensity of the 808-, 1260-, and
1325-cm ™! modes vs temperatures. The intensity of the 808-
cm™! mode has been divided by a factor of 2 relative to the in-
tensities of the other modes for clarity.

1210, 1260, 1325, and 1475 cm ™!, respectively, in accor-
dance with literature data.”!* For the temperature
dependencies of the four components, for which there are
so far no data reported, we note drastic differences. The
lowest-frequency 1210-cm ™! mode, which appears as a
shoulder on the band, decreases in intensity as tempera-
ture increases and was not detectable above T,,. The half
width of the component stayed remarkably constant with
FWHH ~28 cm ™! over this range, whereas the frequen-
cy decreased from ~ 1210 cm ™! at room temperature to
~1195 cm ™! at 673 K, see Fig. 2. Similar behavior was
demonstrated for the 1260-cm~! (room-temperature)
mode; a frequency decrease to ~1213 cm ™! at 1273 K
(see Fig. 2); a constant half width of ~40 cm™h a
dramatic intensity decrease. Data for the intensity of this
mode, which was considerably stronger than the 1210-
cm ™! component and persisted over a wider temperature
range, are displayed in Fig. 6. Opposite to the behavior
of the 1210 and 1260-cm ™! modes, the component at
1325 cm ™! increases in strength as temperature increases;
see Figs. 5 and 6. Moreover, the half width of the 1325-
cm ™! component is considerably broader and tempera-
ture dependent; a width of ~ 145 cm™! was observed in
the glass, and it increases monotonically with tempera-
ture to ~180 cm ™! at 1173 K. In contrast, the highest
frequency component, identified at 1475 cm ™ !, is found
to be in all respects unaffected by temperature; the inten-
sity, frequency, and half-width (FWHH ~ 160 cm ') be-
ing, within the accuracy of measurements, constant over
the whole temperature range of study.

IV. DISCUSSION

From the analysis of the 800—1800-cm ~! range we find
that three modes (at 808, 1210, and 1260 cm ™!, respec-
tively) decrease in strength, one (at 1325 cm ™ 1) is increas-
ing and one (at 1475 cm ') is constant as the temperature
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is raised. We will first discuss the modes of decreasing in-
tensity and note that for vitreous B,O; they have previ-
ously been identified as being related to various oxygen
motions.'>17

A. The 808-cm ! mode

The strong, sharp, and well polarized peak at
~808 cm™! has been assigned to localized breathing
motions of oxygen atoms inside the boroxol ring.” %1317
Calculations of the vibrational spectrum of an isolated
boroxol molecule with the outer oxygen atoms bonded to
atoms of variable mass show that the 808-cm ™' mode is
relatively unaffected by changes of the mass.” Later cal-
culations on an infinite network of boroxol units bridged
by oxygen atoms demonstrate the evolution of localized
modes into delocalized modes.!” It is then again demon-
strated that the 808-cm ™! mode remains localized and
sharp without any significant broadening on network for-
mation. Recent models based on a Bethe lattice of borox-
ol rings reproduce the position, intensity and half width
of the 808-cm! mode by decoupling the symmetric ring
mode from the rest of the lattice.'®

The assignment of the 808-cm ™! line to a decoupled
boroxol-ring breathing vibration is supported by the
small changes of the vibrational frequency with tempera-
ture, see Fig. 2. Raising the temperature 800 K above the
glass transition only implies a frequency decrease of less
than 7 cm™~!. This implies the presence of well defined
and (dynamically) isolated molecular species in B,O; even
at temperatures high above T,, =723 K, i.e., even in its
thermodynamically stable liquid state. Note, however, in
Fig. 3 that there is a change at T, in the temperature
dependence of the vibrational frequency. This is in con-
trast to the findings of a recent neutron-diffraction study,*
which shows no detectable anomalies in the static and
dynamical properties of the B—O bonds through the
glass transition. The temperature behavior we observe,
though considerably weaker, is similar to that of the
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FIG. 7. Specific volume vs temperature. Data taken from
Refs. 18 and 19.
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specific volume; see Fig. 7.'%!° Thus we conclude that,
while the vibrational data of the 808-cm™! component
indeed reflect a highly localized molecular mode, it is not
completely decoupled in behavior from the network but
is affected by the specific volume changes that occur in
the glass transition range.

The intensity profile of the 808-cm~! mode can be tak-
en as a measure of the boroxol-ring concentration. The
results in Fig. 4 imply that the concentration is constant
from room temperature all the way to the glass transi-
tion. Then, at T,, openings of the boroxol rings are ini-
tiated, and above 7, the number of rings rapidly de-
creases. The data above T, are in accordance with pre-
vious Raman observations of the melt.!* A calculation of
the boroxol-ring concentration based on the intensity of
the 808-cm ! mode is discussed in a separate paragraph
below.

B. The 1210- and 1260-cm ~! modes

Next we focus on the higher-frequency modes at 1210
and 1260 cm ™! and note that such narrow lines (28 and
40 cm ™!, respectively) are hardly typical for a disordered
glassy network in general. From the similar findings of
the 808-cm ! mode, it is likely that the 1210- and 1260-
cm ™! vibrations are related to the well-defined molecular
structure of the boroxol ring. Previous Raman data'’
and calculations'’ suggest that these modes are not solely
associated with the boroxol ring but represent vibrations
involving both ring and network contributions. The situ-
ation is schematically represented in Fig. 8, where 8(a)
shows a single oxygen atom connecting two rings and in
8(b) the rings are connected via a planar BO; triangle.
One might also consider bridging via a pair and/or
higher orders of BOj; triangles. However, since it has
been shown that the vibrational frequency of the bridging
oxygen is rather insensitive to the attached mass,’ we can
take 8(b) as a representative of all those cases. We then
attribute the lower-frequency component (1210 cm ™) to

(a)

(b)

FIG. 8. Schematic pictures of (a) a single oxygen bridging
two boroxol rings, and (b) three boroxol rings bridged by a pla-
nar BO; triangle.
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vibrations involved in the bridging via a single oxygen
[Fig. 8(a)] and the higher-frequency component (1260
cm~!) to the vibrational motions involving one (or
several) planar BOj triangle(s) [Fig. 8(b)] as discussed in
the following.

Vibrational spectra of isotope substituted B,O;
(1°B, ''B, 10, '®0) show that the 1210-cm~! mode is
indeed more sensitive to oxygen substitution than the
1260-cm™' mode, both being similarly affected by
changes of the boron mass.!> Next we turn to recent
pulsed neutron-diffraction data.* The neutron results re-
veal anomalous damping behavior of the second peak in
the radial distribution function as the temperature is
raised above T,. It is interpreted as being due to
structural changes caused by changes in the connectivity
of BO; units as the boroxol units open. It is suggested
that the opening of the rings results in a gradual increase
of chainlike segments embedded in the three-dimensional
network. Comparing with our data for the temperature
dependence of the frequency shift of the 1210- and 1260-
cm~ ! modes we also observe anomalous behavior, see
Fig. 2. The frequency of both components drop consider-
ably more rapid with temperature than the 808-cm !
mode. For the higher-frequency 1260-cm ™! component,
which can be followed over a wider temperature range,
we notice a frequency drop of ~50 cm ™! as the tempera-
ture is raised some 800 K above the glass transition. In
contrast, the frequency of the 808-cm ™! mode changes
only 7 cm~! over the same temperature range. The
findings indicate vibrational softening of the 1210- and
1260-cm ! modes caused by structural changes in the
melt. This is in agreement with the neutron observations
of changes in the connectivity of the BO; units. Thus,
the anomalous vibrational softening and the neutron re-
sults support the present assignments of the 1210- and
1260-cm ~! modes. Finally we turn to the intensity and
note that the intensity drop of the 1210- and 1260-cm !
modes follow the behavior of the 808-cm ™! mode, see
Figs. 1(b) and 6. This is a further support of the assign-
ments of these modes as being related to the bridging of
the boroxol rings.

In conclusion we note that, while the intensity behav-
ior of the 808-, 1210-, and 1260-cm™! components
demonstrates that they all depend on the concentration
of boroxol rings, their dynamics show distinctly different
types of behavior. Strongly localized dynamics is ob-
served in the case of the 808-cm ™! mode, which is attri-
buted to decoupled vibrations of the boroxol units.
Though the amount of rings is rapidly decreasing with in-
creasing temperature, the dynamics show that their
molecular structure is little affected by temperature. The
connectivity of the network decreases with increasing
temperature as the boroxol rings gradually open. The
connectivity of the network can be characterized by the
viscosity as recently demonstrated in the “‘strong-fragile”
classification scheme presented for a wide range of glass-
forming liquids.? In this representation, glass-forming
B,0; is regarded as a relatively strong liquid. For oxide
glasses in general, strong covalent bondings prevent the
structure from any drastic changes when temperature is
raised above T, as demonstrated for instance by the rela-
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tively small heat capacity changes. Above T, the high
degree of connectivity results in viscosities that only
slowly change with temperature and then in an almost
Arrhenius manner. This is in contrast with, for instance,
glass-forming Coulomb liquids, which generally fall on
the other extreme among the fragile liquids in this
classification and are represented by Vogel-Tamman-
Fulcher viscosity behavior.? We have previously investi-
gated the temperature dependence of the elastic proper-
ties by Brillouin scattering.” The spectra revealed
transverse-acoustic modes over an extremely broad tem-
perature range and still detectable at 1200 K, the highest
temperatures studied. This implies that the liquid can
sustain shear forces even at temperatures high above the
melting temperature at 723 K. In the present study, the
connectivity of the network is represented by the 1210-
and 1260-cm ™! modes. We note in Figs. 5 and 6 that the
stronger of the two, the 1260-cm ™! mode, is indeed clear-
ly visible up to 1200 K. Thus, while a softening of the
structure is demonstrated by the large temperaturc
dependence of vibrations of the 1210- and 1260-cm ™!
mode, their intensity behavior indicates that there is
some connectivity of the network even in the high-
temperature liquid. This is in accordance with the inter-
pretation of B,O; as a strong liquid and supports the
relevance of the strong-fragile classification scheme.?

C. The 1325- and 1475- cm ~ ! modes

We now turn to the two highest-frequency components
investigated, at 1325 cm ! and 1475 cm ™!, respectively.
Raman isotope shift data'® reveal that the modes involve
more boron than oxygen motion. The broad half width
of the modes (145 and 160 cm™!, respectively) suggests
that they are related to the disordered network of BO,
triangles rather than to the well-defined boroxol rings.
This is certainly the case for the 1475 cm ™!, which stays
more or less unaffected (constant intensity, half width,
position) by the opening of the boroxol rings as tempera-
ture increases. In contrast, the 1325 cm ! increases rap-
idly in intensity as the temperature increases, see Fig. 6.
The temperature dependence seems to be the reverse to
that of the 808-cm ~ ! mode, which is also included in Fig.
6 for comparison. Neutron-diffraction investigations® in-
dicate that the opening of the rings is accompanied by
that the structure gradually changes into chainlike seg-
ments. The behavior of the 1325 cm ™! can then be attri-
buted to the unaffected network. Such an assignment im-
plies that the intensity of the 1325-cm ™! mode is inverse-
ly related to the concentration of boroxol groups as
indeed is demonstrated in Fig. 6.

D. The concentration of boroxol rings

Values for the fraction of B atoms in boroxol rings in
the vitreous state has been reported over a wide range
from nonexisting'""!? up to such large concentrations as
0.85.° In the following, the concentration of rings will be
estimated from the temperature dependence of the spec-
tra, starting with the behavior of the 808-cm ™! mode.

While the intensity of the 808-cm ™! mode shows an in-
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creasing concentration of rings in the melt as the temper-
ature is lowered, we note that the crystalline structure of
B,0; is proposed to consist of ribbons of interconnected
BO, triangles and there is no evidence of rings.2’ Howev-
er, pure B,0; will not crystallize from the melt at atmos-
pheric pressure and this has indeed been explained by as-
suming a large amount of boroxol units in the melt.® The
presence of such rings implies a crystallization process
that requires considerable rearrangement of the structure
and therefore is likely to be by-passed. If, on the other
hand, we hypothetically assume that crystallization can
be initiated from a melt containing boroxol rings, then
the upper limit of the ring concentration in the glass can
be estimated as follows. First we note that a periodic
structure containing boroxol rings can clearly be
designed and any crystalline polymorph would either
contain only boroxol groups or else an ordered mixture of
boroxol units and independent BO; triangles as discussed
by Johnson, Wright, and Sinclair.® Assuming the crystal-
line structure to be a network of boroxol species solely,
then from the temperature behavior of the intensity of
the 808-cm ™! mode we estimate the upper limit for the
concentration of such species in the liquid near T, and
hence in the glassy state. Using the integrated intensity
Iy as a molecular structural indicator of the glass tran-
sition, we can extrapolate its behavior in the supercooled
regime to T— T, where T, is the ideal liquid-glass tran-
sition temperature. T, can be regarded as the so-called
Kauzmann temperature?! at which the extrapolated en-
tropy of the supercooled liquid equals that for the crystal.
It can be estimated by fitting the Vogel-Fulcher relation
of the structural relaxation time

T=10exp[ DT, /(T —Ty)], (2)

using 7,=10"133 5, and D =35 as discussed in Ref. 22.
This implies an ideal glass transition temperature of 277
K, i.e., considerably lower than that experimentally
determined at 533 K. This is in accordance with the as-
signment of B,0; as a relatively strong glass former in
the strong-fragile classification scheme of Angell.> The
Raman intensity of a crystal containing only boroxol
rings can now be estimated by extrapolating the integrat-
ed intensity I4y5 to T,. Since the system gets dynamically
arrested at Tg, the behavior at the ideal glass transition
must be derived from extrapolating the data obtained
above T,. Then we take the supercooled liquid to be at
equilibrium above T, although it is in a metastable state
compared to the crystal. Assuming Izy to be linearly
correlated to the concentration of boroxol rings and the
concentration to be of Arrhenius behavior we extrapolate
in Fig. 4 to the suggested fully developed ring structure at
T, and use it to estimate the intensity ratio at the glass
transition, Igog( 7T, )/I305(7T), to be ~49%. Vibrational
spectra of isotopic compositions of B,0; glasses show
that the 808-cm~! band is due only to the oxygen
motions and no changes are observed for changes of the
boron mass.!> Based on our estimations we then con-
clude that for the glass the ratio of O atoms in boroxol
rings to the total amount of oxygens in the vitreous struc-
ture is limited to a maximum fraction of ~50%. The ex-
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perimental accuracy is estimated to +15% and includes
errors in the intensity measurements in 75, D, and T, for
the determination of T,.

Next we estimate the amount of boroxol rings by mak-
ing use of a model, suggested in the neutron-diffraction
study* and supported by the present observations, of a
structure that contains an increasing amount of chainlike
segments as temperature increases due to openings of the
boroxol rings. We take the temperature dependence of
the 808-cm ™! mode as a characteristic of the temperature
behavior of the ring concentration. The temperature
dependence of the 1325-cm ™! mode, which is reverse to
that of the 808-cm ™! mode, is taken as a signature of the
change in the amount of chain segments. The 1425-cm !
mode, which is unaffected by temperature, is taken as
representing the unmodified network. The fractions of
these units depend on temperature. However, they are
assumed to represent the complete structure according to

Nril'lgs + N chains T Nnetwork =1. (3)

The fraction of boroxol rings N ;. is given by I3/ 4,
where [ is the intensity and A4 is the Raman cross section
of this mode. The fractions of chains can be represented
by I,3,5/B, where B is the corresponding cross section
for the 1325-cm™! mode, and similarly the unmodified
network gives a constant contribution represented by the
intensity of the 1425-cm~! mode. Fitting the intensity
data of the various modes at different temperatures to Eq.
(3), using the respective Raman cross sections as fitting
parameters, we obtain the results presented in Fig. 9. It
can be seen that the dramatic temperature dependence of
the 808-cm ~! mode is consistent with the reverse depen-
dence of the 1325-cm ™! mode for a structure containing
~60% boroxol rings in the glass and ~45% at the melt-
ing temperature.

Finally we will estimate the boroxol content from vi-
brational density-of-states considerations. It has been
shown that for oxide glasses the depolarized Raman spec-
trum roughly displays the density of states?® and there-
fore the depolarized spectrum can be used directly in the

Fraction of boroxol rings

1200

200 400 600 800
Temperature (K)

1000 1400

FIG. 9. Temperature dependence of the fraction of boroxol
rings of the structure as calculated from the model represented
by Eq. (3). Open rings and filled triangles represent values ob-
tained from the temperature dependencies of the 808- and
1325-cm ™!, modes, respectively.
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analysis. We estimate the concentration of boroxol rings
by comparing the depolarized intensity of the breathing
mode of the ring, Iy (depol), to the depolarized modes
representing the network; see Fig. 1(a). We therefore cal-
culate the integrated intensity of the high-frequency band
at 1200-1600 cm ™! at the highest temperature of obser-
vation, i.e., when the concentration of rings is small and
hardly affects the band profile. Then the band can be tak-
en as representing the vibrational dynamics from all
atoms of the “opened” structure. In the comparison we
use twice the integrated intensity of Ig4g, since isotope
substitution shows that only the oxygens take part in the
symmetric 808-cm ! vibration, the borons being at rest.
From the ratio of twice the intensity of the 4 (depol)
mode to the intensity of the band I,,p0_j¢00 (depol) a
value of ~60% boroxol groups is estimated to be present
in the glass. This is in good correspondence with the
values (50 and 60 %) obtained from the temperature
dependencies of Igp; and I35 modes. In a simple
density-of-states calculation based on a model with
~75% of the boron atoms in boroxol rings, qualitative
agreement is obtained with inelastic neutron-scattering
results.?*

V. CONCLUSION

By the use of a thin sample, Raman spectroscopy could
be carried out on B,0; from room temperature through
the glass transition up to temperatures of ~1300 K.
Several striking anomalies in the dynamics are observed.
The 808-, 1210-, and 1260-cm ™~ ! modes, which previously
have been assigned to involve mainly oxygen vibrations,
show both similarities and differences. For the 808-cm ™!
component we find only small frequency changes, even
though the temperature is raised high above the melting
temperature. The mode displays the typical localized dy-
namics characteristic of well defined species as has al-
ready been reported from numerous spectroscopic and
calculation studies. Accordingly, the 808-cm™! com-
ponent has been assigned to the breathing vibration of
boroxol rings. In contrast the 1210 and 1260-cm !
modes reveal softening as the temperature is raised above
the glass transition temperature, which suggests that the
system is exposed to considerable structural changes. We
assign the 1210- and 1260-cm ~! modes to the vibration of
oxygens bridging two boroxol rings, respectively, bridg-
ing a boroxol ring to the network of BOj; units. The in-
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tensities of the 808-, 1210-, and 1260-cm ™! components
all decreases as temperature increases. This together
with the softening of the higher-frequency modes, suggest
a decreasing concentration of boroxol rings followed by
substantial rearrangements of the structure as tempera-
ture increases above T,. The opening of the boroxol
rings is initiated at the glass transition whereas below 7,
the concentration stays constant. The structural rear-
rangements follow similar temperature dependence as
that of the specific volume.

The highest-frequency modes analyzed, i.e., at 1325
and 1475 cm ™!, respectively, have previously been as-
signed to mainly the dynamics of B in the network.
From the rapid intensity increase of the 1325-cm ! mode
as the temperature is raised, which is the reverse of the
behavior of the 808-cm™! component, we assign this
mode to B-O vibrations of BO; units released as the
boroxol opens. The 1475-cm ! mode stays in all respects
unaffected by temperature. The findings support recent
suggestions based on neutron-scattering data that the
BO; units do not change significantly with temperature
whereas the connectivity of these units changes. It is
proposed that as temperature increases and the boroxol
units open the structure becomes more and more chain-
like. Then the 1325-cm ™! component may be attributed
to the chainlike segments that gradually increase in con-
centration as the structure of boroxol rings breaks down,
whereas the 1475-cm™! mode may represent the
unaffected network of BOj; units.

The concentration of boroxol ring was estimated from
independent observations of (1) the temperature depen-
dence of the boroxol vibration assuming a perfect crystal-
line structure of only boroxol rings at the ideal glass tran-
sition temperature, (2) the temperature dependence of the
concentration of segments of BO; units created as the
boroxol units open, and (3) density-of-state considera-
tions. All the data are consistent with a structure for vit-
reous B,0;, which contains about half of the number of
atoms in boroxol rings.
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