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Phenomena ranging from vitrification to crystal nucleation are governed by locally ordered structures, in otherwise disor-
dered phases, that can either inhibit or favour the growth of macroscopic order. However, such structures are ephemeral, 
do not typically have distinct spectral features, and are therefore critically important but largely unobservable by current 
methods. Illuminating these structures therefore presents the single greatest challenge in physical chemistry. The boson 
peak is characteristic of glasses and represents the locally ordered structures inhibiting crystallisation but is typically ob-
scured by other spectral contributions. Here we show that depolarised Raman scattering—obtained using femtosecond 
optical Kerr-effect spectroscopy—in liquids consisting of highly symmetric molecules can be used to isolate the boson peak 
thereby allowing detailed characterisation of the intermolecular potential-energy landscape for the first time. 

 
The expected behaviour of a liquid when cooled is to freeze at 
the melting temperature, where the molecules arrange them-
selves in an ordered crystalline state. However, many liquids 
can be supercooled where crystallisation is postponed. On fur-
ther cooling the supercooled liquid becomes increasingly vis-
cous and at the glass-transition temperature vitrifies into an 
amorphous solid called a glass. The liquid–glass transition is 
one of the most difficult and well–studied problems of con-
densed matter physics.!–# 

A common and quintessential feature of glasses is the ob-
servation of the so-called boson peak typically seen in sponta-
neous Raman scattering spectroscopy and inelastic neutron 
scattering at a frequency around " THz. The boson peak repre-
sents a peak in the vibrational density of states, g(w), normal-
ised by the frequency squared, g(w)/w$.% This corresponds to 
an excess in the density of states over that expected from pho-
nons in a perfect Debye crystal. Thus, the boson peak signals 
a crossover in the vibrational density of states from phonon 
like w$ scaling at low frequency to wn (n < J) scaling at high 
frequency. This gives rise to anomalous behaviour of the low-
temperature heat capacity Cp and a peak in Cp/T& at a few "Ks 
of K. The boson peak has a predominantly transverse charac-
ter'–( and is strongest in, e.g., depolarised Raman scattering. 
The boson peak typically becomes visible when a (super-
cooled) liquid is vitrified. 

Thus, the position, amplitude, and shape of the boson peak 
could provide crucial information on the physics of supercool-
ing and vitrification. In supercooled liquids, it is thought that 
crystal nucleation is inhibited by locally favoured structures 
that geometrically inhibit the formation of the thermodynami-
cally most stable state and give rise to the emergence of the 
boson peak.!) Thus, the spectral features of the boson peak 
could provide crucial insight into the nature and abundance of 
these locally favoured structures. 

However, in most liquids (including those that vitrify) it is 
difficult to distinguish the various processes that contribute to 
the vibrational spectrum in the low-terahertz range. In this 
range in liquids, one can distinguish spectral contributions 
from!!,!$ α-relaxation due to orientational diffusion, β-relaxa-
tion due to translational diffusion and relaxation, the fast β pro-
cess caused by cage rattling, librational motion, and finally 
low-frequency vibrational modes. The α- and β-relaxation pro-
cesses freeze out on vitrification while vibrational contribu-
tions are sometimes narrow and relatively easy to distinguish. 
That leaves the fast β process and librations in addition to pos-
sible contributions from a boson peak, all of which peak 

around " THz, making an unobscured observation of the boson 
peak difficult to impossible. 

Thus, there are numerous reports of observations of boson 
peaks in the literature, however, many of these are questiona-
ble. In depolarised Raman scattering, both the α-relaxation and 
librational bands scale with the anisotropic part of the polaris-
ability tensor and therefore presence of one implies the other. 
Thus reports of boson peaks observed in the Raman spectra of 
vitrified B$O&,!&,!+ As$S&,!# Ca$K&(NO&)',!+ propylene glycol,!% 
glycerol,!&,!' m-tricresyl phosphate,!& and salol!, are suspect as 
these show α-relaxation in the liquid implying the presence of 
a librational band rather than a boson peak. Raman and inelas-
tic neutron scattering spectra of Y$O&-Al$O&,!( Na).#Li).#PO&,$) 
ZnCl$ and ZnBr$,$! ortho-terphenyl,$$,$& polyisoprene,!$$& poly-
styrene,$& and other polymers$+ are complicated by vibrational 
or phonon bands making it difficult to unambiguously identify 
a boson peak in the vitrified liquids. The Raman spectra of 
glassy sulfur$# (S,) and selenium$% show a complex band shape 
between o and "KK-"XK cm-! the high frequency region of which 
has been correctly assigned to librations. However, bumps at 
circa JK cm-! (~K.Z THz) are assigned to (and could well be) 
boson peaks but reliable analysis of their (temperature depend-
ent) shape and amplitude is not possible. This leaves the peak 
observed at ~XK cm-! (".Z THz) in glassy SiO$, GeO$, etc., 
which were assigned to a boson peak.$'–&$ Although this peak 
could be due to librations or torsional vibrations, as the local 
SiO+ structure is likely to be close to tetrahedral (in which the 
anisotropic part of the polarisability tensor would vanish and 
which would make the librational band invisible in depolarised 
Raman scattering), this might well be an actual boson peak. In 
summary, although observation of the boson peak in vitrified 
liquids has been reported many times over, most of these re-
ports are unreliable while in the remaining cases it is difficult 
to determine the shape and amplitude for detailed analysis. 
However, the example of glassy SiO$ shows the way forward: 
symmetry can be used to simplify depolarised Raman spectra. 

Here, we study glass-forming titanium alkoxide liquids in 
which the molecules have a high degree of symmetry thereby 
eliminating the signals from α-relaxation and librations. On 
vitrification, the β relaxation freezes out, leaving fast β pro-
cesses only. The fast β process corresponds with cage rattling 
of molecules in the cage formed by their neighbours.!$,&&,&+ 
Thus, in a model in which the supercooled liquid consists of 
liquid-like regions and locally favoured structures (whose size 
and/or preponderance increases on lowering temperature, see 
Fig. "), then both should show a fast β mode. We will argue 
that these are the much-vaunted boson peak. In order to 
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achieve optimum signal-to-noise in the (sub)terahertz region, 
we use femtosecond optical Kerr-effect (OKE) spectroscopy, 
which measures the depolarised Raman spectrum using a time-
domain technique.&#–&' We show that the simplified spectra of 
such carefully selected materials can reveal the temperature 
dependent behaviour of an unambiguous boson peak not only 
in the vitreous state, but well into the liquid state at tempera-
tures as much as "`K K above Tg. Similar experiments on the 
well-known glass former toluene show that it has an identi-
cally behaving boson peak hidden under many other contribu-
tions to the spectrum. 

 
Fig. 1. In a supercooled liquid, locally favoured structures form 
in a sea of normal liquid structures. It has been assumed here that 
locally favoured structures (red) have five-fold symmetry and therefore 
cannot tile space whereas the normal liquid (blue) lacks structure. 
Adapted from Ref.38. 

Results 
The hidden boson peak in toluene. The glass forming liquid 
toluene (Tg = "JK K) will be used to illustrate the difficulty in 
determining the presence of a boson peak. The boson peak is 
directly related to the extra heat capacity of the glass over the 
crystal. In toluene, the heat capacity Cp has been measured for 
stable&( (liquid, crystal) and metastable+) (super cooled, glass) 
sequences. As can be seen in Fig. J, vitrified toluene has ~"K% 
extra heat capacity over the crystal, which peaks at a tempera-
ture Tboson = ~JK K. This must be due to an “extra” vibrational 
density of states, that is, a boson with a frequency that would 
be estimated as kBTboson/h or ~K.e THz in the case of toluene. 

  
Fig. 2. Molar heat capacities of metastable and stable se-
quences of toluene. Shown are supercooled and vitrified toluene 
(red circles),40 liquid and crystalline toluene (blue squares),39 fits to 8th 
order polynomials (red and blue solid lines), and the difference be-
tween these fits (green line). The difference heat capacity peaks at 20 K 
corresponding to 0.42 THz.  

The temperature dependent terahertz spectra of toluene 
taken using OKE spectroscopy are shown in Fig. f(a). Stand-
ard processing of the time-domain OKE data results in a re-
duced depolarised Raman spectrum (often referred to as the 
susceptibility representation of the anisotropic Raman spec-
trum) in which the low-frequency (< " THz) part of the spec-
trum is easily visualised. The reduced spectrum can be con-
verted to a spontaneous Raman scattering spectrum by multi-
plying with a Bose occupation factor (see equation SX in Sup-
plementary Note "). This converted spontaneous Raman spec-
trum is shown in Fig. f(b) and is consistent with published Ra-
man spectra of toluene.+!,+$ In liquid and supercooled toluene, 
the spontaneous Raman spectrum is dominated by so-called 
elastic scattering. Only when fully vitrified, the elastic peak 
vanishes to reveal a peak at J.X THz and a weaker shoulder at 
K.X THz. In similar temperature dependent spontaneous Ra-
man and inelastic neutron scattering spectra, the higher fre-
quency peak is often identified as the boson peak but is in fact 
due to molecular librations.+&  

 
Fig. 3. Temperature dependent terahertz spectra of toluene. 
Shown are the OKE spectrum (inset) and the spontaneous anisotropic 
Raman spectrum (SRS, main panel) derived from it on the bottom. In 
practice, experimental spontaneous Raman scattering has poor sig-
nal-to-noise below circa 1 THz. 
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The K.X-THz shoulder might well be the actual boson peak 
(the frequency is right based on excess heat capacity measure-
ments, see above) but its shape cannot be determined with 
great accuracy and it cannot be ruled in or out that it exists in 
the supercooled liquid as well. Note that the OKE spectra do 
not show a huge elastic peak in the liquid phase but instead 
have (eminently analysable, see for example Ref. !!) sub-te-
rahertz bands due to diffusive processes such as α- and β-re-
laxation. Thus, the case of toluene illustrates the complications 
in determining the presence and characteristics of boson peaks. 

 
Spectral simplification in titanium alkoxides. In order to 

simplify the spectra, we carried out an extensive search for 
molecular liquids consisting of molecules with high symmetry 
(tetrahedral, octahedral, or icosahedral) including ionic liquids 
with high symmetry ions and eutectic mixtures. Unfortunately, 
liquids of highly symmetric molecules or ions have a propen-
sity to crystallise rather than vitrify. However, some of the liq-
uids formed by titanium (IV) alkoxides are found to be glass 
formers (see Fig. e). Titanium tetraethoxide, tetrapropoxide, 
and tetraisopropoxide were found to crystallise readily on 
cooling. However, titanium tetrabutoxide (TiBuO) and tetra-J-
ethylhexyloxide could be vitrified with ease. TiBuO has a glass 
transition at Tg = "ZJ.X K as measured using DSC (see Supple-
mentary Figure "). We have not been able to crystallise TiBuO 
and therefore the formal melting temperature is unknown. 
Analysis of measurements of the viscosity at relatively high 
temperatures compared to the glass transition temperature, 
suggests that TiBuO is a weakly fragile glass former (see Sup-
plementary Figure J). 

  
Fig. 4. Titanium alkoxides investigated. The short chain alkoxides 
(top) tend to crystallise while the longer chain ones (bottom) vitrify. 

TiBuO is known not to be monomeric. The crystals of tita-
nium tetramethoxide and tetraethoxide are known to be tetram-
eric in which the titanium atom is octahedrally coordinated.++ 
In the liquid phase, the titanium atoms in TiBuO are thought 
to be X-fold coordinated (but see below) in what are most prob-
ably trimers.+#–+' The most probable X-fold (Dfh) coordination 
of titanium in liquid TiBuO might give rise to a (small) aniso-
tropic component in the molecular polarisability. The known 
rapid terminal–bridging alkoxide exchange+, will be used be-
low to demonstrate that the low-frequency OKE spectrum is 
predominantly collision-induced.  

Fig. X shows the OKE spectra of TiBuO over temperatures 
ranging from the glassy state (iK K), through the glass 

transition temperature ("ZJ.X K) into the supercooled regime, 
to room temperature and above (fXK K). The spectra show sev-
eral bands at frequencies e THz and higher whose amplitudes 
are essentially independent of temperature. These are almost 
certainly due to intramolecular vibrations.  

Vibrational normal mode calculations were carried out and 
used to calculate the depolarised Raman spectrum converted 
into an OKE spectrum (see Supplementary Note "). As can be 
seen in the calculated OKE spectrum in Supplementary Figure 
f, there are modes with moderate OKE intensity throughout 
the low terahertz frequency range. The four lowest frequency 
modes are butoxide librations. Based on our previous OKE 
studies on alkanes,!! these librations are expected to be weak 
in the OKE spectrum. 

 
Fig. 5. OKE spectra of titanium butoxide as a function of tem-
perature. Spectra taken at a range of temperatures from 80 to 350 K 
and shown on a linear frequency axis (main panel) and a logarithmic 
frequency axis (inset). The band at circa 2 THz has a strongly tempera-
ture-dependent amplitude demonstrating it is collision induced. 

The dominant feature in the spectrum in Fig. X is a band 
peaking between " and f THz, whose position and amplitude 
is strongly temperature dependent. On a logarithmic frequency 
axis, it is clear that there is an additional diffusive contribution 
below " THz. This diffusive process shifts to lower frequency 
on lowering the temperature and is invisible below the glass 
transition temperature. Similar experiments (although much 
less detailed) were carried out on titanium tetra-J-ethylhex-
yloxide (see Fig. Z), which shows the same effect. 

 
Fig. 6. OKE spectra of titanium tetra-2-ethylhexyloxide. Spectra 
taken at 298 K (red) and 80 K (blue), and are shown with a linear fre-
quency axis (main) and logarithmic (inset) 
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Although the symmetry around the titanium atom is not tet-
rahedral or octahedral, the lower symmetry X-fold coordination 
of titanium in liquid TiBuO could potentially give rise to a li-
brational band in addition to the butoxide librations. To rule 
out such librational contributions to the OKE spectra, the sym-
metry was lowered more severely on purpose by making XK:XK 
mixtures of TiBuO and titanium tetraethoxide (TiEtO). As the 
terminal and bridging ligands are known to exchange rapidly,+, 
this will lead to the formation of mixtures of titanium ethoxiden 
butoxide+-n most of which lack symmetry. The OKE spectra of 
TiBuO, TiEtO, and their 50:50 mixture at room temperature 
are shown in Fig. 7. The 50:50 mixture does not show an in-
creased amplitude of the 1-3 THz main band but simply a band 
that is exactly in between that of TiBuO and TiEtO. This con-
firms that this band is indeed predominantly of collision-in-
duced character, and we therefore assign this band as the fast 
β process band. The lack of any band of librational origin im-
plies that the diffusive process is due to β (translational) relax-
ation and there is no α (orientational) relaxation band visible 
due to symmetry. 

  
Fig. 7. OKE spectra of titanium butoxide and ethoxide and 
their 50:50 mixture at 20°°C. The spectrum of the 50:50 mixture is ex-
actly in between that of the pure liquids despite consisting of mostly 
asymmetric titanium ethoxiden butoxide4-n molecules. 

The (temperature dependent) OKE spectra of TiBuO can 
be fitted with an inertial Cole-Cole function for the β relaxa-
tion and Brownian-oscillator functions for the fast β process 
and intramolecular vibrations. In the case of TiEtO and its mix-
ture with TiBuO, the fast β process could only be fitted satis-
factorily with a Gaussian function, consistent with the pres-
ence of a mixture of titanium ethoxiden butoxide+-n species (see 
Methods for details on fit functions, and Supplementary Fig-
ures e, X, and Z for the fits and Supplementary Table J for the 
fit parameters).  

The relevant fit parameters for the temperature dependent 
OKE spectra of TiBuO are shown in Fig. i, Supplementary 
Figure p, and Supplementary Table ". The amplitude of the 
weak shoulder at circa e THz remains constant, consistent 
with an intramolecular vibrational mode. The amplitude of the 
fast β process band increases dramatically with temperature as 
expected for a collision-induced band. The frequency of this 
band decreases with temperature. Below the glass transition 
temperature, this fast β process band is the only band of inter-
molecular origin that remains visible (as the β-relaxation has 
frozen out) and can therefore be assigned as the boson peak. 

The intensity of collision-induced Raman bands can be es-
timated using a simple model based on the molecular polaris-
ability, the intermolecular potential, and the temperature de-
pendent collision energy as described in Supplementary Note 
J. The resultant equation for the amplitude (equation S"Z) was 
used to fit the amplitude of the boson peak as shown in Fig. i. 
This again confirms that the boson peak is a collision induced 
band. There is no obvious a priori model to describe the fre-
quency of the boson peak. Supplementary Note f describes a 
possible temperature dependence of the boson peak frequency 
based on a simple Morse intermolecular potential model of the 
supercooled liquid. The resultant equation for the oscillator 
frequency (equation SJK) was used to fit the boson peak fre-
quency as shown in Fig. i. 

  
Fig. 8. Amplitude and frequency of the boson peak as a func-
tion of temperature. (left) Shown are the amplitude of the boson 
peak and the shoulder (an intramolecular mode). While the boson 
peak amplitude changes, the amplitude of the intramolecular mode is 
unchanged with temperature as expected. The boson-peak amplitude 
data are fit to equation S16 with amplitude 59±22 and V0 ´ 1017 = 
6.3±3.9 J. (right) Shown are the boson-peak frequency data, fit to 
equation S20 with De/h/THz = 14.8±0.7 and n0/THz = 3.04±0.05. 

Re-evaluating the spectra of toluene. The data obtained in 
TiBuO and its analogues—due to their relatively high degree 
of symmetry and therefore simplified low-terahertz spec-
trum—show that the boson peak can be equated to the fast β 
process. This result suggests a re-evaluation of the temperature 
dependent OKE spectra of toluene discussed above. 

The toluene data shown in Fig. f were analysed using a 
model we have shown to be able to fit a wide range of temper-
ature dependent OKE spectra of alkanes and cycloalkanes. It 
involves separate fit functions for (from low frequency to 
high) α-relaxation, β-relaxation, the fast β process, and a libra-
tion (see Supplementary Figure i and Supplementary Table f). 
It is therefore an obvious extension of the model used to fit the 
TiBuO data (inertial Cole-Cole for β-relaxation and Brownian 
oscillator for the fast β process) with two extra functions (De-
bye and Gaussian functions) to model the α-relaxation and li-
bration, which are visible in toluene due to its lower symmetry 
but invisible in TiBuO. Satisfactory fits can be obtained 
throughout the glass, supercooled, and normal liquid ranges. 
At "JK K, in the glass, the α- and β-relaxation processes have 
frozen out and the OKE spectrum is fitted using a librational 
band at high and a fast β process band at low frequency. For 
increasing temperatures, the relaxational bands creep back in 
towards higher frequency obscuring the fast β process. How-
ever, a plot of the amplitude and frequency of the fast β process 
as a function of temperature (Supplementary Figure `) shows 
the exact same behaviour as in TiBuO. Hence, in toluene the 
fast β process band can also be identified as the boson peak. 

Discussion 
In crystals, phonons determine the elastic properties of the 
solid. Glasses are amorphous solids, in which phonon-like 
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excitations persist giving rise to the boson peak. Raman scat-
tering (and therefore OKE) in crystals is strictly sensitive only 
to modes at the zone centre corresponding to infinite wave-
length phonons. The fast β process gives rise to a collision-
induced band that is observed in OKE experiments in many 
liquids and glasses, from noble-gas liquids+( through simple 
alkanes!! and ionic liquids consisting of symmetric ions,&# to 
toluene and TiBuO as shown here. Its collision-induced nature 
implies that it is sensitive to phonon-like excitations at the 
Brillouin zone edge and therefore senses motions on the scale 
of a couple of molecules. In most cases, the fast β process band 
is hidden but, as we have shown here, can be brought out more 
prominently by using molecules with a high degree of sym-
metry. 

TiBuO does not have the high octahedral symmetry re-
quired to simplify its OKE spectrum but is likely trimeric with 
most likely X-fold (Dfh) coordination of titanium.+#–+' There-
fore, the question arises why the OKE spectrum of TiBuO 
lacks the α-relaxation and librational bands associated with re-
orientational motions. Quantum chemistry calculations were 
carried out to establish which trimeric conformers were most 
likely to be present in solution (see Methods and Supplemen-
tary Note e for details). Out of a large range of trial structures, 
five conformers were found to be stable (see Fig. `; relative 
energies are given in Supplementary Table e). For structures I-
III, the coordination number of each titanium atom is six, while 
the other structures have one or two titanium atoms with a co-
ordination of five. None of the TiO# and TiO% cores have per-
fect octahedral or Dfh symmetry but are notably distorted. The 
calculations show that the polarisability is evenly distributed 
over the atoms in each of the structures (Supplementary Table 
X). The structures themselves have a very small anisotropic but 
large isotropic polarisability (Supplementary Table Z) thereby 
suppressing OKE contributions due to α relaxation and libra-
tions while enhancing collision-induced contributions. Con-
sidering the known rapid exchange of terminal and bridging 
alkoxides down to at least "if K,+, the conformers in Fig. ` are 
to be regarded as repeating motifs in the liquid and—what is 
at low temperature—essentially a network glass. This implies 
that TiBuO is somewhat comparable in structure to vitreous 
SiO$. 

 
Fig. 9. Molecular model of the titanium butoxide trimeric clus-
ters in the liquid. The number of bridging (μ2-O) and doubly bridging 
alkoxide groups (μ3-O) for the different clusters is I(μ2-O: 6) , II(μ2-O: 4, 
μ3-O: 1) , III(μ2-O: 2, μ3-O: 2) , IV(μ2-O: 4) , V(μ2-O: 5). 

It is for these reasons that the OKE spectrum of TiBuO is 
of such a simple form, only showing bands in the low terahertz 
region due to β relaxation and the fast β process. The band due 
to the fast β process remains on vitrification demonstrating that 
it is the boson peak. Importantly, this band persist in the liquid 
state showing that the elastic properties of the glass persist in 
the liquid#) albeit only on short timescales before diffusion and 

flow set in. The same applies to toluene, although in that case 
the boson peak is hidden by α relaxation and librations. Our 
results for the boson peak in toluene correspond well with a 
study of toluene using probe molecules and nuclear inelastic 
x-ray scattering+& measuring collective motions with a correla-
tion length of more than ~JK Å. These reveal a boson peak 
peaking at "." THz (e meV at JJ K) closely matching the 
".K THz peak of the fast β process measured here at "JK K.  

The excellent quality of the OKE spectra allows a more de-
tailed analysis of the behaviour of the boson peak as a function 
of temperature. In both TiBuO and toluene, the boson peak 
shifts to higher frequencies on cooling as predicted by theory.% 
The amplitude of the boson peak decreases on lowering the 
temperature. However, the OKE spectrum SOKE(ω) is related 
to the vibrational density of states g(ω) through SOKE(ω) = 
g(ω) C(ω) / ω, where C(ω) is the Raman coupling coefficient 
(see Supplementary Note "). The latter is often assumed to be 
proportional to ω but that is very much not true here as this is 
a collision-induced band whose Raman coupling coefficient 
strongly depends on temperature. Therefore, unfortunately, 
these data cannot be used directly to make comparisons with 
theoretical predictions of changes in the magnitude of the vi-
brational density of states of the boson peak as the glass tran-
sition is approached. 

The boson-peak position and shape is a reflection of the 
potential-energy landscape#! of the (supercooled) liquid and 
glass. One might have expected the observation of two distin-
guishable fast β process bands or a Gaussian distribution of 
fast β modes originating from liquid-like structures and locally 
favoured structures.!) In the case of the titanium alkoxides, it 
could be argued that the trimeric clusters are effectively locally 
favoured structures that inhibit (in the case of TiBuO) or im-
pede (in the case of TiEtO) the formation of the tetrameric 
crystal. However, the boson peak is well modelled by a single 
Brownian oscillator throughout the entire temperature range 
studied, with great confidence in neat TiBuO and less confi-
dence in toluene. A Gaussian fit function is only required in 
the TiBuO-TiEtO mixtures for obvious reasons. Evidently the 
difference between locally favoured structures and liquid-like 
structures in TiBuO is too subtle to enable their distinction. It 
could be speculated that, as TiBuO forms trimeric clusters, the 
collision-induced signal is more sensitive to intra-cluster ra-
ther than inter-cluster dynamics.  

We have shown here that symmetry (even if sometimes im-
perfect) can be used to simplify depolarised Raman and OKE 
spectra to bring out the boson peak unobscured by other con-
tributions in the spectrum. In the case of TiBuO, no separate 
contributions from liquid-like and locally favoured structures 
were observed possibly due to its trimeric cluster nature. This 
suggests that if similar glass-forming liquids consisting of 
monomeric symmetric molecules can be found, the boson peak 
will be more sensitive to inter-cluster dynamics and hence the 
difference between locally favoured vs. liquid like clusters. 
Thus, this opens the way to the investigation of the detailed 
changes in the boson-peak shape as a function of temperature, 
pressure, fragility, and other physicochemical parameters, 
greatly aiding the science of the glassy state. 

Methods 
Sample preparation. Liquids were purchased from Sigma-
Aldrich and have a rated purity ≥ `i% with the exceptions of 
titanium tetraethoxide, which has a purity ≥ iK% (X% contam-
ination with titanium tetraisopropoxide resulting in JK% 
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titanium triethoxide monoisopropoxide) and were used with-
out further purification. Liquid samples were filtered with a 
PTFE filter (Millex) with JK μm pore size and degassed for " 
min in an ultrasound bath before measurements. Room-tem-
perature samples were contained in a " mm thick rectangular 
quartz cuvette (Starna) and held in a temperature-controlled 
(±K.X K) aluminium block. Low-temperature measurements 
were performed using a liquid-N$ cryostat (Oxford Instru-
ments, ±K." K) in a nitrogen environment to avoid water con-
densation. 

 
OKE experimental details. The OKE data were recorded in 
a standard time-domain pump-probe configuration and Fourier 
transformed to obtain the frequency-domain reduced depolar-
ised Raman spectrum as described previously.&' A laser oscil-
lator (Coherent Micra) produced ∼ 10 nJ pulses at a repetition 
rate of 82 MHz and with 800 nm nominal wavelength provid-
ing 20 fs temporal pulse width in the sample, broadening to 25 
fs when using a cryostat. 

 
OKE data analysis. OKE spectra consist of a number of broad 
overlapping bands that are either overdamped or under-
damped, which are analysed through curve fitting to the imag-
inary part of a number of analytical complex functions. The 
overdamped or diffusive modes (corresponding to orienta-
tional and translational diffusion) are typically fit to the imag-
inary part of the Havriliak-Negami function, which is defined 
in the frequency domain by 

  , (S") 

with K < a,b £ " and where w is the angular frequency and t is 
the relaxation time. For b = ", it reduces to the Cole-Cole func-
tion; for a = " it reduces to the Cole-Davidson function; and 
for a = b = " it reduces to the Debye function. Near w = K, this 
function behaves as . Thus, it is clear that the Debye, 
Cole-Cole, Cole-Davidson and Havriliak-Negami functions 
will not show a boson peak for any setting of their parameters 
as they are all proportional to w near the frequency origin. 

More specifically, at the lowest frequencies, one typically 
finds processes associated with diffusive orientational relaxa-
tion (α relaxation) of the molecules. These have been fit with 
the Debye function. Diffusive translational relaxation (β relax-
ation) has been fit with the Cole-Cole function. However, it 
would be unphysical if diffusive processes were to be faster 
than the corresponding underdamped motion. So, diffusive 
orientational relaxation (α relaxation) ought to be slower than 
the librations and diffusive translational relaxation (β relaxa-
tion) ought to be slower than cage rattling motions (the fast β 
process). This inertial effect is accommodated using a rise 
function in the time-domain as described previously.&# Thus, β 
relaxation is fit with an “inertial” Cole-Cole function defined 
by 

 ,  (SJ) 

where  is the frequency of the fast β process. Similarly, α 
relaxation (when present as in toluene) is fit with an “inertial” 
Debye function defined by 

 ,  (Sf) 

where  is the librational frequency. 
In the terahertz range, one finds bands from modes that are 

not diffusive but critically damped or underdamped. These 
originate in librations, vibrations, and phonon-like modes. 
These have been fitted using the Brownian oscillator func-
tion&',#$ 

  , (Se) 

where ω) is the undamped oscillator angular frequency and γ 
is the damping rate. Sometimes, it is required to take into ac-
count inhomogeneous broadening and the band is fitted using 
the antisymmetrised Gaussian function defined by 

  (SX) 

where σ is a width parameter.  
In the overdamped limit, both the Brownian oscillator and 

antisymmetrised Gaussian functions are proportional to w near 
the frequency origin and would therefore not be able to display 
a peak in g(w)/w$, where g(w) is the vibrational density of 
states. However, when underdamped, both will display a peak 
in g(w)/w$. 

 
Differential scanning calorimetry. Differential scanning cal-
orimetry measurements were carried out with a TA Instru-
ments DSC JXKK differential scanning calorimeter equipped 
with a Quench Cooling Accessory. The samples were cooled 
from eK°C with liquid nitrogen in circa "Z minutes to a tem-
perature of -"ZX°C. 
 
FTIR. Fourier-transform infrared (FTIR) spectroscopy meas-
urements used a Bruker Vertex pK spectrometer purged with 
dry air. liquid samples were sandwiched between two ZnSe 
windows. Sub-ambient FTIR experiments were performed us-
ing the same liquid-N2 cryostat with ZnSe windows. 

 
Viscometry. Variable temperature viscosity measurements 
were performed on an Anton Paar MCR fK" rheometer using a 
XK mm cone (cone angle = "°, gap = K."K" mm) at a fixed shear 
rate of "K rad/s. The temperature was lowered from pX°C to -
eK°C at a rate of "°C/min and the viscosity recorded every mi-
nute. Measurements were performed under an atmosphere of 
nitrogen to prevent oxidation of the sample using a custom-
made fD printed plate hood. A cylinder of nitrogen was at-
tached to an inlet on the hood to allow for a stream of nitrogen 
to pass over the measurement system and sample throughout 
the measurement. To help the temperature reach and maintain 
-eK°C, the nitrogen line was passed through liquid nitrogen be-
fore it reached the hood on the rheometer. Measurements were 
performed in triplicate. 

 
Conformer stability and normal mode calculations. All cal-
culations were performed using the ORCA quantum chemistry 
program.#& A preliminary conformational search to find low-
energy TiO skeletons for titanium alkoxides trimers was car-
ried out using the semiempirical GFNJ-xTB method.#+ 

Hα ,β ω( ) = 1

1+ −iωτ( )α( )β

ωα−β

SiCC ω( ) = Im Hα ,1 ω( )− Hα ,1 ω + iγ rise( )⎡⎣ ⎤⎦

γ rise

SiD ω( ) = Im H1,1 ω( )− H1,1 ω + iγ lib( )⎡⎣ ⎤⎦

γ lib

SBO ω( ) = Im ω0
2

ω0
2 −ω 2 − iγω

SG ω( ) = 1
σ 2π

e
−
ω−ω0( )2
2σ 2 − e

−
ω+ω0( )2
2σ 2

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥



 
 

p 

Geometry optimisations and vibrational spectral calculations 
were carried out by default with PBE density functional##   with 
Grimme dispersion correction#' combined with defJ-SVP AO 
basis set.#, PBE is a nonempirical GGE functional used for a 
broad range of systems from simple organic molecules to in-
organic solids and metals, while the defJ-SVP basis set is 
known to provide a decent trade-off between accuracy and 
cost. To estimate errors arising due to basis set incomplete-
ness, calculations with triple zeta (defJ-TZVP, defJ-TZVPP) 
basis sets were also performed. To validate energy ordering for 
different titanium alkoxide trimers in the liquid phase, 
PBEK/defJ-TZVPP calculations in hexane were conducted. 
The solvent effects were accounted for by using the polarisable 
continuum model#( (CPCM) with the dielectric constant εstatic 
= ".i` (hexane). For all DFT calculations, the RI approxima-
tion was employed. 

It is known that titanium ethoxide and butoxide form tri-
mers in neat liquid and solution (except for high dilution).+#–+' 
In order to find low energy trimers, various Ti&O!$ skeletons 
were cut from available crystal structures for rutile and anatase 
TiO$ polymorphs, passivated with hydrogens and optimised 
with the GFNJ-xTB method resulting in four different struc-
tures. Then, hydrogens were substituted with methyls and DFT 
optimisations were performed. Also, Ti&O!$ skeletons were ex-
tracted from Ti(OR)+ crystal structures from the Cambridge 
Structural Database, most of which were not stable for 
Ti&(OH)!$, but provided another stable conformer, thus leading 
to X different minima on the PES (see Supplementary Note e 
and Supplementary Figure "K). All geometry optimisations 
were performed without symmetry constraints. Ti&O!$ skele-
tons were found to be close to S% (I), C$ (III, IV) and Cs (II, V) 
point groups. Harmonic analysis on these structures showed 
that all Hessian eigenvalues are positive. Structures I-V were 
compared to those discussed in literature either proposed from 
general considerations+' or theoretical studies.%) Structures I 
and III correspond to I and II in Ref. +%,%), structure IV is known 
from crystal trimers, but it appears that the other structures we 
predicted have not been discussed previously. Skeletons III 
and IV proposed in Ref. +' are not stable and undergo rear-
rangement to one of the five stable structures during geometry 
optimisation. 

We did not aim to carry out a full conformational analysis 
including the preferred arrangement of alkyl chains in solu-
tion. Thus, the orientation of alkyl groups is arbitrary (and for 
butoxides the butyls have the zigzag conformation). Relative 
enthalpies and Gibbs energies were estimated within the usual 
rigid rotator–harmonic oscillator model.  

IR and depolarised Raman spectra were obtained in the 
double harmonic approximation, while the latter was con-
verted to an OKE spectrum using equation SX. Spectra were 
broadened with Lorentzians with "J cm-! half-width. 

Data availability 
The data that support the findings of this study are available in 
Enlighten: Research Data Repository (University of Glasgow) 
with the identifier: http://dx.doi.org/"K.XXJX/gla.research-
data.@@@. 
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