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Short- and Intermediate-Range Structural
Ordering in Glassy Boron Oxide

R. E. Youngman, S. T. Haubrich, J. W. Zwanziger,”
M. T. Janicke, B. F. Chmelka

Ordering at short-length scales is a universal feature of the glassy state. Experiments on
boron oxide and other materials indicate that ordering on mesoscopic-length scales may
also be universal. The high-resolution nuclear magnetic resonance (NMR) measurements
of oxygen in boron oxide glass presented here provide evidence for structural units
responsible for ordering on short- and intermediate-length scales. At the molecular level,
planar BO,,, units accounted for the local ordering. Oxygen-17 NMR spectra resolved
detailed features of the inclusion of these units in boroxol rings, oxygen bridging two rings,
and oxygen shared between two nonring BO,,, units. On the basis of these and cor-
roberative boron-11 NMR and scattering results, boron oxide glass consists of domains
that are rich or poor in boroxol rings; these domains are proposed to be the structural basis
of intermediate-range order in glassy boron oxide.

Inorganic network glasses such as B,O; and
SiO, lack long-range structural order, a
physical property that differentiates them
from analogous crystalline solids. However,
glasses still have extensive short-range order
(SRO) on length scales <5 A, and some
exhibit substantial intermediate-range order
(IRO) at 5 to 20 A (I). One such material is
glassy boron oxide, B,O;, which consists of
planar BO,, groups (that is, each boron is
bound to three oxygen atoms, each of which
is bound to another boron atom). The ma-
jority of the BO;;, groups are part of six-
member boroxol rings that are interconnect-
ed to the rest of the BO;, network by bridg-
ing oxygen atoms (Fig. 1). The remaining
BO;,, units are not part of rings. The boroxol
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ring is an example of what Elliott calls a
superstructural unit, and it gives rise to IRO
in this glass (2). Evidence for the boroxol
ring structure has been obtained from neu-
tron scattering (3), Raman spectroscopy (4),
and NMR and nuclear quadrupole resonance
(NQR) (5, 6). These experiments suggest
that 70 to 80% of the boron is in the rings,
which implies that the glass composition is a
mixture of comparable amounts of boroxol
rings and nonring BO;;, units. Bray and
colleagues have also studied the oxygen sites
in B,O; glass, using continuous wave 'O
NMR (7). Their spectra could be fit to a
two-site model, which is consistent with seg-
regation of the oxygen between ring and
nonring BO;,, units.

Recent light-scattering studies (8, 9) on
a variety of glass formers, including B,0O;,
suggest that IRO is universal at the glass
transition. Moynihan and Schroeder have
proposed that the anomalous light-scatter-
ing at the glass transition arises from inde-
pendently relaxing structural units of linear



dimension 10 to 50 A, which differ in den-
sity (8). A more complete picture of the
nature of these regions has not been avail-
able but would provide crucial information
on the atomic details of the glass transition
in a network material (10). Remnants of
these density fluctuations are to be expect-
ed below the glass transition, trapped in the
structure of the static glass. Indeed, the
boson peak in Raman spectra and the first
sharp diffraction peak in the structure factor
can both be interpreted in terms of IRO
structures about 20 A in size (11, 12).

In this report we present 7O NMR re-
sults that resolve three distinct oxygen sites
in B,O;, shedding new light on the origin of
IRO in the glassy state. It is unusual for
NMR to provide information on structures
at mesoscopic-length scales; we succeeded
in the present case by combining the 7O
spectra with previous high-resolution ''B
NMR data (5). In this way, detailed quan-
titative information was obtained on every
resolvable site in the material, and site-to-
site connectivities could be determined
from the stoichiometry and simple counting
arguments, using no adjustable parameters.
The results show that the glass is composed
of mesoscopic regions rich in boroxol rings
and of regions consisting mainly of nonring
BO;), units, which together appear to ac-
count for the IRO in this material.

To obtain high-resolution YO NMR
spectra of powdered glass samples, we used
the technique of double rotation (DOR)
(13, 14). DOR NMR removes the broaden-
ing due to both the chemical shift and to
second-order quadrupole anisotropies of the
central transition of quadrupolar nuclei
with half-integer spin I > %2. The averaging
is accomplished by rapid rotation of the axis
of a spinning sample according to pre-
scribed symmetry criteria, in this case ico-
sahedral. The DOR experiment can be
thought of as a double-axes analog of magic
angle spinning (MAS). The resulting NMR
spectrum consists of resonance peaks that
are broadened only by the distributions of
the isotropic chemical shift and quadrupole

Fig. 1. Simple two-di-
mensional schematic di-
agram showing various
possible arrangements
of six-member boroxol
rings and nonring BO,,,
units. For this structure,
there are four distinct A

types of oxygen atoms:

A, oxygen contained

within boroxol rings; B, oxygen bridging two bor-
oxol rings; C, oxygen bridging two nonring BO,,,
units; and D, oxygen bridging a boroxol ring and a
nonring BO,,, unit. Open circles denote oxygen
atoms and solid circles denote boron atoms. The
dashed lines indicate nonspecific connections to
the three-dimensional glassy network.

parameters. Because of the dependence of
the second-order quadrupole interaction on
the Larmor frequency, the isotropic chemi-
cal shift and quadrupolar contributions can
be separated by performance of the DOR
experiment at multiple fields (15).

To overcome the low natural abundance
of 17O, a sample of glassy B,O;, enriched to
21% in 'O, was synthesized and used in
this study (16). Figure 2 shows 7O DOR
NMR spectra (and accompanying simula-
tions) of glassy B,O; at fields of 8.4 and
11.7 T (17). The three resolved peaks are
labeled to differentiate them from spinning
sidebands, which occur at integral values of
the outer rotor spinning speed and are easily
identified by varying of the outer rotor spin-
ning frequency. The isotropic shift of each
peak is field dependent (Table 1), as are the
splittings between pairs of peaks, indicating
that their shifts are influenced significantly
by second-order quadrupole effects (15).
The field dependence also indicates that
the three peaks arise from three structurally
distinct oxygen sites. Using the shifts of the
peaks in both fields, we determined the
isotropic chemical shift 8> and the quad-
rupole coupling product Py of the three
different oxygen sites (Table 1) (15). The
relative shifts of the peaks indicate that the
upfield and downfield resonances remain
identified with the same oxygen species at
the two fields used here (18). The values for
Py, listed in Table 1 are similar to those
found for bridging oxygen atoms in silicate

A

210.0 1400  70.0 00  -700 -1400 -210.0

| REPORTS

glasses (19, 20) and are in good agreement
with recent calculations (21), whereas the
isotropic '’O chemical shifts for B,O; are
downfield from those observed in silicates.
The asymmetry m of the quadrupole inter-
action is estimated from simulations of the
spectra to be vy = 0.9 = 0.1 for each site
(22).

Although the peak positions in the
DOR spectra permit quantitative determi-
nation of the chemical shifts and quadru-
pole products, the noise level of the spectra
and the large number of overlapping side-
bands preclude accurate measurement of
relative site populations from the integrated
DOR peak areas. Under conditions of
MAS, however, both of these difficulties
are largely alleviated—the signal-to-noise
ratio is significantly improved and the spin-
ning sidebands have little or no overlap
with the central transition (Fig. 3). There-
fore, to determine the oxygen site popula-
tions, we used the interaction parameters
for the three sites from the ’O DOR data
in simulations of the MAS spectra at the
two magnetic fields. The simulations show
good agreement with the experiments (Fig.
3). The relative oxygen populations are list-
ed in Table 1; simulations of the 17O DOR
spectra using these populations are present-
ed in Fig. 2 (22). Comparison between the
simulated and experimental DOR spectra
show that the main features are reproduced
unambiguously; inclusion of additional sim-
ulation parameters, such as distributions of

e
150.0  50.0 0.0 -50.0 -150.0

2100 1400 700 00 -700
3 (ppm)

-140.0 -210.0

400.0 200.0 0.0 -200.0 -400.0
3 (ppm)

Fig. 2. 7O DOR NMR spectra of B,O; glass at two fields. Top panel of (A) shows spectrum at 11.7 T
(67.6 MHz resonant frequency) and top panel of (B) shows spectrum at 8.4 T (48.8 MHz). Accompanying
simulations are shown in bottom panels. Three resolved peaks are labeled A, B, and C to distinguish them
from spinning sidebands, which are resolved for site B in spectrum (A). Simulations of the 17O DOR NMR
spectra were produced with the use of the site parameters listed in Table 1. Spinning sidebands due to
the outer rotor frequency are denoted by asterisks. The shifts are referenced to HA"O.
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quadrupole interactions and fluctuations in
sample spinning frequencies, may improve
the fits visually but not the confidence in
the key quantitative findings. The impor-
tant results obtained from the 7O DOR
spectra and simulations of glassy B,O; are:
(i) the existence of three distinct oxygen
sites, (ii) determination of the quadrupole
product and isotropic chemical shift associ-
ated with each type of oxygen, and (iii) that
m =~ 0.9 for each site. In combination with
the MAS data and simulations, these results
provide a unique determination of the ox-
ygen site populations.

To assign the three peaks in the 7O
NMR spectra, a model was used (Fig. 1) that
included four distinct oxygen sites. The four
oxygen sites are: A, oxygen in the six-mem-
ber boroxol rings; B, oxygen bridging two of
these boroxol rings; C, oxygen bridging two
nonring threefold coordinate boron atoms;
and D, oxygen linking 4 boroxol ring to a
nonring BO,, unit. Based on separate ''B
dynamic angle spinning (DAS) NMR results
for this system (5), the fractions of boron in
boroxol rings and in nonring BO;), sites are
0.7 and 0.3, respectively.

To calculate the fraction of total oxygen
at each type of site, we began with the bulk
stoichiometry of the glass. Given that there
are M boron atoms and N oxygen atoms,
then for B,O;, M/N = %. Of the M boron
atoms, R are in boroxol rings. The fraction
in rings, from previous DAS measurements,
is RIM = 0.7 (5). Because the number of
oxygen atoms in boroxol rings, N4, must
equal the number of boron atoms in rings,
the fraction of oxygen in rings is N,/N =
2R/3M = % X 0.7 = 0.47. This is consis-
tent with the intensity shown in Table 1 for
peak A. Note that the assignment of this
peak depends only on the glass stoichiom-
etry and the fraction of boron in rings, not
on the presence or absence of any other
type of oxygen site in the glass.

The R ring boron atoms provide 3R ox-
ygen binding sites, of which 2R are occu-
pied by oxygen in the rings. The remaining
R oxygen binding sites are occupied by type
B (ring-bridging-ring) and D (ring-bridg-
ing-nonring) oxygen species, of number Ny
and Np, respectively. B-type oxygen atoms
use two such sites, because they bridge two
rings, whereas D-type oxygen atoms use

Table 1. NMR parameters for the three resolved oxygen sites in boron oxide glass. Isotropic shifts,
chemical shifts, and P, were obtained from DOR NMR experiments at 8.4 and 11.7 T (Fig. 2). Population
fractions were obtained from simulation of the MAS spectra with the use of these interaction parameters

(Fig. 3).
Oxygen 2y iy 39 Population
s¥tge 8.47T) (1.7 (pipS?n) Po (MHz2) frzction
(ppPm) (ppm)
A 40 = 1 71+ 1 104 +5 50+ 0.2 0.5 = 0.1
B 65 *+4 88 + 1 118356 43 0.2 0.3 = 0.1
C 16 = 4 46 + 1 795 50=*0.2 0.2 = 0.1
A B
210.0 1400 70.0 0.0 -70.0 -140.0 -210.0 3000 200.0 100.0 0.0 -100.0  -200.0 -300.0
210.0 140.0 70.0 0.0 -70.0 -140.0 -210.0 300.0 200.0 100.0 0.0 -100.0 -200.0 -300.0

3 (ppm)

3 (ppm)

Fig. 3. 70O MAS NMR spectra of B,O; glass at two fields. Top panel of (A) shows spectrum at 11.7 T
(67.6 MHz) and top panel of (B) shows spectrum at 8.4 T (48.8 MHz). Accompanying simulations are
shown in bottom panels. They were done with the use of the same parameter set as in Fig. 2.
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only one. Therefore

Likewise, the (M — R) nonring boron at-
oms yield 3(M — R) oxygen binding sites.
The N C-type (nonring-bridging-nonring)
oxygen atoms use two of these sites each,
whereas the Ny D-type species use one such
site, leading to the additional relation

3(M - R) = 2N¢ + Ny 2)

Equations 1 and 2 relate Ny, N, and
Ny, and the model can be solved paramet-
rically in terms of any of the three vari-
ables—the solutions are equivalent. The
solution in terms of Ny, is shown in Fig. 4
along with the previously determined value
of N /N, which is independent of Nj. The
values of Np/N and N/N are seen to differ
by only six percentage points for all values
of N, both decreasing as N, increases. Our
data show three resonances, the most in-
tense of which has been assigned to the A
site and has relative population 0.5. The
remaining two resonances arise from sites
with populations 0.2 and 0.3, and so on the
basis of Fig. 4 are assigned to sites B and C,
respectively, with a relatively small popula-
tion in site D. This assignment is supported
by the fact that a fourth site is not resolved.
On the basis of the noise level of our spec-
tra, we estimate Ny/N =< 0.1.

Several alternative assignments should
also be considered. Figure 4 shows that at
Np/N = 0.25, three resonances with about
the correct intensities are also predicted. In
this case, site B would be near the limit of
detectability in DOR. But the small inten-
sity difference between the B and C sites
(Fig. 4) suggests that both will be seen, or
neither; and again, no evidence was found
for a fourth site in either the DOR or MAS
spectra. Another alternative is that the
fourth site lies directly under one of the
observed resonances, which would distort
the observed intensities. A possible candi-
date for such an overlap is the site A reso-
nance, which is broader than the other
resonances. Simulation of this effect (23),
with the use of NMR parameters similar to
those of the A-type oxygen and a site pop-
ulation of 10%, reproduced the observed
width of the central resonance feature and

Fig. 4. The relative pop-  _06

ulations of the four oxy- £05 Site A
gen sites (see Fig. 1 for  E04 sieD
labeling) as a function of ~ §0.3~8te¢

the fraction of oxygen in  E02{55y

site D. These follow di- ng_-OJ-

rectly from Egs. 1 and 2 00 0102 0304
and from the fact that the Ny/N
fraction of oxygen in the

ring sites (site A) is required to be 47%, on the
basis of the fraction of boron in ring structures
[70%,; see (5)] and the stoichiometry of the glass.



increased its intensity in the simulation.
Thus such overlapping resonances cannot
be completely ruled out, but based on the
data, they are expected to contribute no
more than about 10% of the total intensity.

The isotropic chemical shifts of the ob-
served 17O resonances provide assignments for
the B and C oxygen sites. As shown in Table
1, the A site (ring oxygen) has a chemical
shift of 104 parts per million (ppm), whereas
the remaining resonances have chemical
shifts of 79 and 113 ppm. We assign the
downfield resonance to site B, because this
oxygen bridges two rings and is thus expected
to have an electronic environment that is
more similar to the rings themselves. The
upfield resonance is assigned to site C, which
bridges two nonring boron atoms. This assign-
ment is consistent with the boron chemical
shifts, for which the ring boron atoms are
shifted downfield relative to the nonring bo-
ron atoms (5, 21). Boron shifts are unusual in
that upfield shifts are produced by increased
backbonding to the boron atom (24). Thus
the ring boron atoms are involved in relative-
ly less backbonding, and so the oxygen atoms
bonded to them (sites A and B) are relatively
electron rich, leading to their downfield shifts
(24). The nonring boron atoms experience
more backbonding, so their partner oxygen
atoms (site C) are electron poor, producing an
upfield shift. The lack of 'O NMR data on
crystalline borates precludes more quantita-
tive assignment.

This model for the structure of B,O; glass
thus assigns the three resonances in the 'O
NMR spectra to oxygen in boroxol rings,
oxygen bridging two boroxol rings, and ox-
ygen bridging two nonring boron sites. These
results also indicate that the number of ox-
ygen atoms connecting a boroxol ring with a
nonring boron atom is small. This corre-
sponds to a glassy network composed of bor-
oxol ring-rich regions and nonring-rich re-
gions, with some connectivity between the
two that is below the threshold of detection
in the present NMR studies.

The ring-rich and ring-poor microdomains
proposed here are consistent with a variety of
other probes of IRO in B,O; glass. Anoma-
lous light-scattering by B,O; at the glass tran-
sition has been attrlbuted to density fluctua-
tions on the order of 10 to 50 A (8). Applying
the analysis of Duval et al. (12) to the boson
peak in the Raman spectrum of B,O; (25), we
estimate a size of 30 A for typlcal distinct
regions in the glass. The size of the domains,
according to the present model, can be esti-
mated from the NMR data as follows: The
volume and area of a boroxol ring, with con-
necting oxygen, are about 97 A% and 21 A2,
respectively, based on the bulk density. As-
suming that rings on the surface of ring-rich
regions are bound on average to one nonring
BO;, unit each, the number of surface bor-
oxol rings Ng and the total number of rings

Ny, are related according to

N, 3N
AR (3)
Np  Ns
For a spherical region of radius r,
4 3
Np = wrd/97 A’ ring™! (4)
and
Ng = 4mri/21 A? ring™! (5)

Our experiments suggest that Nj,/N < 0.1,
and so also N,/Np = 4.5. Combining this
estimate with the above estimates for Ng

and Ng leads to
=21 A (6)

for the sizes of the ring-rich domains, which
is consistent with the aforementioned esti-
mates of domain sizes in this material.

By using the high-resolution ?O DOR
NMR technique, we have resolved three
distinct oxygen sites in glassy B,O;. These
results, along with previous ''B NMR stud-
ies, have been used to devise a structural
model of B,O; that consists of the formation
of microdomains in the glassy network,
which are rich or poor in boroxol rings. The
average size of these regions is estimated to
be 20 A or greater, which is similar to the
sizes estimated from light-scattering experi-
ments and the boson peak observed in Ra-
man spectra. Our results provide strong evi-
dence.that the ring-rich and ring-poor do-
mains account for the structural origin of
intermediate-range order in glassy B,O;.
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Branched Threadlike Micelles in an Aqueous
Solution of a Trimeric Surfactant

Dganit Danino, Yeshayahu Talmon,* Hélene Levy,
Gerard Beinert, Raoul Zana

Very long threadlike micelles observed in aqueous solutions of some surfactants have
attracted much attention because of the peculiar rheological properties of these systems.
Molecular dynamics simulations have suggested that branched threadlike micelles should
exist in concentrated solutions of dimeric surfactants. Here experimental evidence, ob-
tained from transmission electron microscopy at cryogenic temperature, is presented of
branched threadlike micelles in agueous solutions of a triquaternary ammonium (trimeric)
surfactant made up of three amphiphilic moieties connected at the level of the head-

groups by two propanediyl spacers.

Surfactants and, more generally, amphi-
philes self-associate in water and form mi-
celles, vesicles, and lyotropic liquid crystal-
line phases. Theory (I, 2) predicts many
possible micelle shapes of which only three
have been found experimentally: spherical
or spheroidal micelles, disk-shaped micelles,
and elongated micelles (3). Elongated mi-
celles come in a wide variety of forms: from
short rigid rods to flexible “giant” micellar
threads that are micrometers in length (3).
Threadlike micelles usually develop from
spheroidal micelles when a relevant system
parameter is altered (4—-6). This change of
shape is well understood within the frame-
work of existing theories (1, 2). Thus, mi-
celle growth from spherical to threadlike
micelles takes place if the difference be-
tween the standard chemical potentials of
the surfactant in the cylindrical part (u°.)
of an elongated micelle and in a spherical
micelle (n°), Ap® = u°, — o, is negative.
Values of Ap® as low as —0.1 to —0.2kT
(where k; is Boltzmann’s constant and T is
temperature) are sufficient to bring about
an enormous micellar growth (5).
Transmission electron microscopy at
cryogenic temperature has been extensively
used to obtain direct visualization of thread-
like micelles in aqueous solutions of pure
conventional surfactants and of surfactant
mixtures (3, 4, 7). Dimeric surfactants,
made up of two identical amphiphilic moi-
eties [C, H,,.,.;(CH;),N* Br~] connected
at the level of the charged nitrogen atoms
by a polymethylene spacer (CH,),, have
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been found to form very long threadlike
micelles at relatively low concentrations of
1% or less, provided the spacer is short
enough (8).

Recently the possible existence of cross-
links, connections, or seams between long and
entangled threadlike micelles attracted much
interest (2, 5, 9, 10). Such cross-links would
result in the formation of connected networks
of elongated micelles, which are likely to have
interesting rheological properties. Several ex-
periments led to the postulation of the exis-
tence. of such networks (2, 5, 9). Drye and
Cates (10) investigated theoretically the for-
mation of cross-links between threadlike mi-
celles. They concluded that for conventional
surfactants the free energy cost for forming a
cross-link is much higher than for forming a
hemispherical end-cap terminating a cylindri-
cal micelle. This is because the surfactant
layer at the seam between two branches is
concave, whereas it is convex in the cylindri-
cal part of the micelle, where the layer curva-
ture is essentially equal to the spontaneous
curvature. Therefore, a seam forms only when
the system contains almost no end-caps, that
is, when the micelles are extremely long (10).
This is probably the case at the very high salt
concentration at which some of the above-
mentioned experiments were performed.

Molecular dynamics simulations of aque-
ous solutions of dimeric surfactants have ac-
counted for the formation of elongated mi-
celles. They also predicted that these elon-
gated micelles should be branched or cross-
linked (I1). Furthermore, the simulations
showed that the two alkyl chains of a given
dimeric surfactant are radially oriented and
roughly parallel in the cylindrical parts of the
branched micelles; however, they are almost
perpendicular when the surfactant molecule
is located at a seam between two branches,
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with one chain oriented radially with respect
to one branch and the other oriented radi-
ally with respect to the other branch (12).
This very peculiar packing of the chains
probably decreases the free energy cost asso-
ciated with the formation of connections
between threadlike micelles to a value that
must be comparable to that of forming hemi-
spherical end-caps which terminate elongat-
ed micelles. Thus, dimeric surfactants and
their higher homologs trimeric surfactants
potentially provide an easier way to obtain
connected or branched threadlike micelles.

Here we present transmission electron
micrographs taken at cryogenic tempera-
tures showing branching in the threadlike
micelles formed by a triquaternary ammo-
nium tribromide (trimeric) surfactant that
we synthesized and purified (12). Molecular
dynamics simulations have not been per-
formed yet for trimeric surfactants. It is
likely, however, that the mechanism of re-
duction of the free energy cost for forming a
seam holds and is even amplified with tri-
meric surfactants.

The trimeric surfactant we synthesized
and purified (12), which is referred to as
12-3-12-3-12 following the terminology
previously used (8, 12, 13), is shown in
Scheme 1. This surfactant can be formally

CHy CHy CHy
CHa~N*~(CHa)a-N"~(CHz)g~N*~CHg 381
CioHos  CqzHos Ci2Hos
Scheme 1.

considered as the trimer of the convention-
al surfactant dodecyltrimethylammonium
bromide, which forms only spheroidal mi-
celles even at fairly high concentration and
ionic strength.

A 2% aqueous solution of the trimeric
surfactant was studied by transmission elec-
tron microscopy at cryogenic temperatures
(cryo-TEM). Thin vitreous samples were
prepared under controlled temperature and
100% relative humidity as previously de-
scribed (8). Some representative micro-
graphs are shown in Fig. 1. A very long
threadlike micelle is seen in the center of
Fig. 1A. The featureless background is vitre-
ous ice. In the central area of the field of
view no overlap of micelles has occurred;
thus, the branching of this long micelle
(marked by arrow heads) can be easily seen.
The clarity of the images of the meeting
points of the three segments at each branch-
ing point strongly suggests that these are true
branches. Furthermore, it is highly unlikely
that the numerous branching points seen in





