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Low-Frequency Raman Scattering and the Fast
Relaxation Process in Glycerol

Takashi Uchino* and Toshinobu Yoko

Ab initio molecular orbital calculations were used to determine the structure and vibra-
tional frequencies of the cyclic glycerol trimer, which represents the region of medium-
range ordering in liquid and supercooled glycerol. The calculations reproduced the
experimentally observed low-frequency Raman scattering peak (or the “boson peak”) at
~50 per centimeter, which suggests that the peak results from the localized collective
motions of the cooperatively hydrogen-bonded hydroxyl groups. The calculations also
suggest that the fast relaxation process may result from the translational motion of each
glycerol molecule in the cyclic structure. On the basis of these results, a model of the

glass transition was developed.

The low-frequency (<~100 cm™!) relax-
ations and vibrations in amorphous systems
have been the focus of numerous studies
aimed at understanding the anomalous low-
temperature properties and glass transition
phenomena observed in such systems (I).
Although the relaxational part of the dy-
namics in supercooled liquids is well de-
scribed by the mode coupling theory (MCT)
(2), the vibrational excitations, generally
called the “boson peak,” cannot be ex-
plained in terms of MCT, and the origin of
the boson peak is still unsettled. Thus, un-
derstanding the boson peak and the fast
relaxation process near the glass transition
temperature T, remains an important goal
in solid-state physics. It has recently been
suggested that the atomic motions in a me-
dium-range scale on the order of ~10 A in
amorphous solids are closely related to the
boson peak (3). This hypothesis strongly
suggests that the normal-mode analysis of
molecules modeling a medium-range order
(MRO) in a particular glass will shed light
on the physical origin of the boson peak.
Glycerol has been widely used to inves-
tigate the low-frequency vibrational prop-
erties of liquids and supercooled liquids,
because liquid glycerol is one of few sys-
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tems that remain in the metastable super-
cooled state long enough to permit Raman
scattering (4—8) and neutron scattering
(7, 9) measurements. The low-frequency
Raman scattering spectra of glycerol below
T, (186 K) are characterized by a nonsym-
metric boson peak with a broad maximum
around 50 cm™!; the peak shifts slightly to
higher frequencies with decreasing tem-
perature. Raman scattering measurements
in the O-H stretching region have dem-
onstrated that liquid and supercooled glyc-
erol are self-associated through intermo-
lecular hydrogen bonds to form dimer,
trimer, and oligomer structures (8). Neu-
tron diffraction measurements (9) have
demonstrated that liquid glycerol not only
has intramolecular correlations but also
exhibits some residual structure in the in-
termediate range (2 to 6 A). These find-
ings indicate that, despite the flexibility of
each molecular unit, the intermolecular
distribution function exhibits significant
structural ordering as a result of intermo-
lecular hydrogen bonding.

Although the exact intermolecular
conformation of the MRO in glycerol has
not been determined, it has been demon-
strated that small water (10) and metha-
nol (11, 12) clusters tend to form cyclic
hydrogen-bonded trimers. The intermo-
lecular hydrogen bonds in such trimers are
considered to be enhanced by cooperative
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effects; that is, each molecule of the com-
plex acts not only as a donor but also as an
acceptor of hydrogen bonds. Thus, it is
reasonable to assume that in liquid and
supercooled glycerol a cyclic trimer struc-
ture also exists, yielding a well-defined
MRO. We do not mean to imply that
chainlike forms of the glycerol dimer, tri-
mer, and oligomers do not exist in real
liquids; rather, we assume that the cyclic
trimer is the most likely structure under-
lying the MRO in liquid and supercooled
liquid glycerol (13). Therefore, we have
calculated harmonic vibrational frequen-
cies of some cyclic glycerol trimers to test
the hypothesis that, if the boson peak
results primarily from the vibrational ex-
citation of MRO in a supercooled liquid,
then an isolated cluster modeling the
MRO should have normal modes with fre-
quencies that match those of the observed
boson peak.

We performed a full-geometry optimi-

zation in the 3N — 6 (N = number of
atoms) internal coordinates space for the
cyclic glycerol trimer. Because of the size
of the system, we performed the calcula-
tions only at the Hartree-Fock (HF)/6-
31G level (14) using the Gaussian 94
computer program (15). In the optimized
geometry of the glycerol trimer (model I)
(Fig. 1), the three glycerol molecules are
almost equivalent to each other, resulting
in a C;-like structure (16). All OH groups
participate in cooperative hydrogen bonds
to form two rings: the inner 6-membered
ring, consisting of three intermolecular
hydrogen bonds, and the outer 12-mem-
bered ring, consisting of three intramolec-
ular and three intermolecular hydrogen
bonds. The intermolecular O- - ‘H bond
distance in the outer ring (~1.77 A) is

shorter than that in the inner ring (~1.87

), which indicates that the outer hydro-
gen bonds are stronger than the inner
ones. The association energy obtained by

the simple difference between the total
energies of the trimer and its constituent
molecules was calculated to be —172.48 k]
mol~! (17). Thus, model I can be regarded
as a highly stable conformation, represent-
ing one of the possible forms of the glyc-
erol trimer.

Using this optimized geometry, we cal-
culated the harmonic vibrational frequen-
cies at the HF/6-31G level (Table 1). Force
constants were obtained by the gradient
method (18), and Raman scattering inten-
sities were calculated according to the pro-
cedure of Frisch et al. (19). No imaginary
frequency was obtained for model I, which
demonstrated that model I is a stationary
point such that the forces on the system are
essentially zero. It is generally accepted that
single-determinant wave functions yield too
steep a potential in the vicinity of the equi-
librium structure and that the theoretical
frequencies at the HF level are consistently
larger than the experimental harmonic val-

Fig. 1. Hartree-Fock 6-31G optimized structure
for the glycerol trimer (model ). In this and subse-
quent figures, solid, shaded, and white spheres
represent carbon, oxygen, and hydrogen atoms,
respectively. Hydrogen bonds are indicated by
broken lines, and their distances are shown in
angstroms. X-C1 = X-C2 = X-C3 = 3.124 A.

Table 1. Vibrational frequencies v, reduced
masses m, force constants k, and Raman scatter-
ing intensities / of the modes less than 100 cm~"
calculated for model | at the HF/6-31G level.

v m k I
em™"  (amu) (mdyneA-") (A4amu~)
51.06 5.2775 0.0081 0.0458
51.13 5.2791 0.0081 0.0457
77.09 6.3255 0.0221 0.0841
7713 6.3204 0.0222 0.0842
93.09 5.6635 0.0289 0.0039
9496 4.0484 0.0215 0.1606
95.06 4,0429 0.0215 0.1602

Fig. 2. The vector displacements of the low-frequency vibrational modes at (A) 51.06 cm~?, (B) 77.09
cm~1, (€) 93.09 cm~?, and (D) 94.96 cm~" calculated for model I. Hydrogen bonds are indicated by
broken lines. The solid lines in (A), (B), and (C) link the ends of the vectors, showing the localized
collective motions of the cooperatively hydrogen-bonded OH groups to form a sort of “standing wave.”
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ues by ~10% (20). However, we did not
scale the calculated frequencies using the
empirical factor because the absolute devi-
ations are expected to be small (at most
~10 cm™!) for these low-frequency vibra-
tional modes.

There are two kinds of vibrational
modes for model I (Fig. 2). The modes at
~51, ~77, and ~93 cm™! (Fig. 2, A to C)
are mainly attributable to the motions of
the OH groups, whereas the modes at ~95
cm ™! (Fig. 2D) result from the translational
motions (especially those of the CH, and
CH groups) in each glycerol molecule. The
former vibrational modes can be described
as “standing waves” of the inner 6-mem-
bered or the outer 12-membered rings; the
OH groups in these rings thus can oscillate
according to specific periodic boundary
conditions as if they were connected by
elastic springs or by hydrogen bonds. On

A

C1

Fig. 3. The vector displacements of the low-fre-
quency vibrational modes at (A) 49.07 cm~' and
(B) 84.75 cm~1 calculated for model IV, which can
be compared with Fig. 2, A and D, respectively.
Hydrogen bonds are indicated by broken lines,
and their distances are shown in angstroms. The
solid lines represent the “standing waves.”
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the other hand, the vibrations at ~95 cm™!
involve large displacements of outer atoms
and should therefore depend strongly on
the trimer surroundings. These results
strongly indicate that the cyclic glycerol
trimer yields the collective localized vibra-
tions in the low-frequency (<100 cm™!)
region.

Although model I is likely to capture
some fundamental features of the MRO in
liquid and supercooled liquid glycerol, the
glycerol trimer will not always have such
an ideal cyclic conformation in real lig-
uids. We therefore investigated the effect
of deformation of the ideal cyclic structure
on the vibrational frequencies. We calcu-
lated energy variations of model I as a
function of the X-C3 distance in Fig. 1,
where X is the isodistant point from the
Cl1, C2, and C3 atoms, while fixing the
X—C1 and X-C2 distances, the C1-X-C2,
C2-X—C3, and C3-X-CI1 angles, and the
other intramolecular parameters at their
optimized values. We then carried out the
frequency calculations for each deformed
cyclic structure. The complexes with
X-C3 distances of 3.20, 3.25, and 3.30 A
are referred to as models II, III, and IV,
respectively. These models have no imag-
inary frequency and can therefore also be
regarded as stationary points. The total
energy difference between models I and [V
was calculated to be only 6.5 k] mol™};
hence, all these clusters reptesent proba-
ble conformations as the trimer structure
in liquid glycerol.

Comparing Fig. 2 with Fig. 3, A and B,
we see that the vector displacements of the
low-frequency modes are effectively un-
changed by the deformation of the ideal
cyclic structure. However, as the X-C3 dis-
tance increases, the modes at ~95 cm™! for
model I shift to lower frequencies and, si-
multaneously, their Raman scattering in-
tensities abruptly decrease (see Fig. 4). This
result indicates that the force constants and

the first derivatives of the polarizability
with respect to nuclear coordinates—which
affect vibrational frequencies and Raman
intensities, respectively, for these transla-
tional motions (see Figs. 2D and 3B)—are
strongly dependent on the intermolecular
conformation, and that the vibrational soft-
ening mentioned above occurs as the struc-
ture of the glycerol trimer deviates from the
ideal cyclic conformation. Because the de-
tailed atomic conformations vary rapidly
with time in real liquids, the lifetime of
these intermolecular motions is expected to
be very short. As a result, these translation-
al motions can be overdamped and can be
observed on the time scale of Raman scat-
tering measurements (<~107'2 s or fre-
quency >~5 cm™!) as the fast relaxation.
Such a fast relaxation of the intermolecular
motion can be associated with the so-called
“B-relaxation” process of MCT (1, 2) and is
also expected to occur outside the cyclic
trimer, namely, in the disordered region.
However, because the vibration at ~95
cm™! may depend strongly on the trimer
surroundings, the suggested microscopic
picture of the fast relaxation process may be
significantly modified by neighboring glyc-
erol molecules.

In contrast, the positions and Raman
scattering intensities of the modes at ~51,
~77, and ~93 cm™! calculated for model 1
are only weakly affected by the change in
the intermolecular conformation. It is thus
probable that these modes, all of which
represent the collective motions of the hy-
drogen-bonded rings (see Figs. 2, A to C,
and 3B), can survive without damping
within a time scale of the Raman scattering
measurements, yielding a broad peak as ob-
served by the Raman spectroscopy. Thus,
our results allow us to suggest one possible
microscopic picture for the boson peak in
glycerol, namely that it originates from the
collective wavelike motions of atoms local-
ized in the extent of its trimer structure.

Intensity
(arbitrary units)

Fig. 4. (A) Experimental Raman
spectra of glycerol observed at dif-
ferent temperatures (5). (B) Calcu-
lated low-frequency Raman spec-
tra for models I, II, lll, and IV at the
HF/6-31G level. The arrows show
the changes in the frequencies and
Raman scattering intensities of the

intermolecular translational modes.
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This does not exclude the possibility. that
larger structural fragments (such as tetra-
mers and pentamers) can also contribute to
the low-frequency vibrational spectrum
around the boson peak.

On the basis of these results, the follow-
ing model of the glass transition of glycerol
can be proposed. At temperatures far above
TL, (186 K), the lifetime of the MRO or the
cyclic glycerol trimer is expected to be too
short to be underdamped on the time scale
of the boson peak frequency (~10712 s),
and therefore only relaxation processes con-
tribute to the dynamics of the system. As
the system is cooled, the thermal excitation
of atoms is suppressed, and, accordingly, the
atoms in the MRO undergo collective mo-
tions on the time scale of low-frequency
vibrations to yield a boson peak. In other
words, a transition from relaxational (over-
damped) to vibrational (underdamped) col-
lective molecular motion occurs.

According to MCT, a blocking of the
viscous flow at a critical temperature T_ is
predicted (2). Such a blocking is probably
caused by the formation of MRO with
lifetimes that are long enough to generate
vibrational motions. This interpretation is
consistent with the observation that the
temperature at which overdamping of the
low-frequency vibrations occurs is essen-
tially the same as the T_ predicted by the
MCT (21). Although the boson peak
tends to become dominant with decreas-
ing temperature below T_, the fast fB-re-
laxation process persists. This is so because
the intermolecular translational motions
of each glycerol molecule can be over-
damped even on a time scale of ~1071%s.
If the system is rapidly quenched, the con-
figuration of the MRO will be preserved to
form a metastable glass phase, whereas if it
is cooled very slowly, the locally stable
MRO will be reorganized, resulting in the
thermodynamic phase transition or crys-
tallization (22).

The above model can be applied not
only to the present molecular system but
also to strong glass formers [in Angell’s
classification (23)] such as SiO, and B,O,
glasses. We recently carried out ab initio
molecular orbital calculations on the clus-
ters that model the MRO in B,O; glass and
have shown that these model clusters also
yield localized vibrational modes in the
low-frequency region, in good accord with
experimental results (24).
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Crystalline Ropes of Metallic Carbon Nanotubes

Andreas Thess, Roland Lee, Pavel Nikolaev, Hongjie Dai,
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Seong Gon Kim, Andrew G. Rinzler, Daniel T. Colbert,
Gustavo E. Scuseria, David Tomanek, John E. Fischer,
Richard E. Smalley*

Fullerene single-wall nanotubes (SWNTs) were produced in yields of more than 70
percent by condensation of a laser-vaporized carbon-nickel-cobalt mixture at 1200°C.
X-ray diffraction and electron microscopy showed that these SWNTs are nearly uniform
in diameter and that they self-organize into ‘“‘ropes,”” which consist of 100 to 500 SWNTs
in a two-dimensional triangular lattice with a lattice constant of 17 angstroms. The x-ray
form factor is consistent with that of uniformly charged cylinders 13.8 = 0.2 angstroms
in diameter. The ropes were metallic, with a single-rope resistivity of <104 ohm-
centimeters at 300 kelvin. The uniformity of SWNT diameter is attributed to the efficient
annealing of an initial fullerene tubelet kept open by a few metal atoms; the optimum
diameter is determined by competition between the strain energy of curvature of the
graphene sheet and the dangling-bond energy of the open edge, where growth occurs.
These factors strongly favor the metallic (10,10) tube with C,, symmetry and an open

edge stabilized by triple bonds.

Carbon nanotubes, originally discovered as
a by-product of fullerene research (I, 2), are
attracting increasing interest as constitu-
ents of novel nanoscale materials and de-
vice structures (3). Defect-free nanotubes—
essentially, giant linear fullerenes—are ex-
pected to have remarkable mechanical
properties, as well as electronic and mag-
netic properties that are in principle tun-
able by varying the diameter, number of
concentric shells, and chirality of the tube
(4). Further progress toward the use of
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nanotubes as practical materials will require
the elimination of defects and other reac-
tion products (such as aihorphous carbon
and catalyst particles), production in high
yield, and synthetic control of tube diame-
ter, length, chirality, and number of con-
centric shells.

SWNTs have been produced in the out-
flow of a carbon arc (2, 5) and in much
higher yield by laser vaporization of a
graphite rod in an oven at 1200°C (6); in
each case, a small amount of transition
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