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variable. Unlike the results for more than 50 van der Waals
glass-forming materials,4 the scaling fails for 7PG. Using
published PVT data for 7PGDE,19 we can examine how the
removal of hydrogen bonding affects the scaling. The results
are plotted in Fig. 1 and show that as the hydrogen bonding
is removed by end capping, the data can be superimposed. A
value of the scaling exponent !=3.1 is obtained, which is at
the low end of the range found for molecular glass formers.4

This is expected since the intramolecular bonds of this oli-
gomer are less sensitive to pressure,20 leading to a weaker
response to volume changes. Generally, small molecules
have higher ! values than polymers.4

Removal of the H-bonding capacity of 7PG thus results in
conformance to the scaling behavior of Eq. !1", whereas the
thermal lability and pressure sensitivity of hydrogen
bonds21,22 cause the TV! scaling to fail. A similar breakdown
of the scaling is found for water,11 a strongly associated liq-
uid with a high concentration of H bonds. Consistent with
this interpretation, we find that if the hydrogen bond density
of 7PG is reduced by increasing the oligomer chain length,
the scaling holds, as found for polypropylene glycol with n
=69 for which !=2.5 !Ref. 23" and for a random copolymer
of ethylene and propylene glycol with n=45 and !=2.3.11 If
the scaling is related to the steepness of the intermolecular

potential,24 the breakdown for hydrogen bonded systems is a
reflection of differences in the shape of the potential for the
different H-bond concentrations prevailing at different tem-
peratures and pressures.

We next investigate the effect of hydrogen bonding on
generality !ii", the invariance of the shape of the structural
relaxation function for different combinations of tempera-
tures and pressures when " is constant.5,6 For hydrogen
bonded materials, this superpositioning of the structural #
peak at fixed " generally breaks down due to the change in
hydrogen bond concentration,5 and this is indeed the case for
glycols. However, as shown in Fig. 2, the spectra measured
for 7PGDE at various conditions of T and P, corresponding
to fixed ", superpose. The fact that for nonassociated liquids
the shape !breadth" of the # peak depends only on the relax-
ation time means that the scaling exponent ! governs the
shape of the #-relaxation dispersion, as well as the value of
". Parenthetically, we note that upon application of pressure,
for large " an additional contribution appears on the high
frequency flank of the # peak. Such a feature has been re-
ported previously for 7PG in the glassy state at atmospheric
pressure17 and for lower molecular weight PG oligomers un-
der high pressure25–27 or mixed with water;27,28 thus, certain
conditions influence the H bonding, resulting in resolution of
this spectral feature.

The effect of volume on the dynamics is reflected in the
value of !; however, a more common metric is the ratio of

TABLE I. Results for uncapped and capped propylene glycol heptamers.

v0 v1 v2 b0 b1 Tg
a EV /EP

b !

7PG 0.9770 7.04$10!4 9.8$10!7 190 5.93$10!3 205.8 K 0.73%0.03 #2.8c

7PGDE 1.0282 7.75$10!4 10.1$10!7 160 6.15$10!3 178.0 K 0.69%0.01 3.1

aTemperature at which "=0.1 s.
bAt Tg.
cCalculated from Eq. !3" !" do not scale".

FIG. 1. !Color online" Failure of TV scaling due to hydrogen
bonding. Structural relaxation times of hydroxyl terminated 7PG as
a function of TV2.7 and of 7PGDE as a function of TV3.1. Since " for
the former do not superpose, the value of ! is arbitrary; Eq. !3"
yields !=2.8. The solid lines are from the reported Vogel-Fulcher
fits of " for the 7PG at ambient !Refs. 16 and 17" and elevated P
!Ref. 16".

FIG. 2. !Color online" Invariance of the # dispersion peak shape
at constant # peak frequency upon removal of the hydrogen bond-
ing. Loss spectra of 7PGDE at various combinations of T and P !as
indicated".
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the apparent activation energy at constant volume, EV!T ,V"
#$R! ln ! /!T!1$V to the activation enthalpy at constant pres-
sure, HP!T , P"#$R!! ln ! /!T!1"$P.29 This ratio, which varies
from zero to unity with increasing relative influence of tem-
perature, can be calculated from the scaling exponent,4,8

EV

HP
= !1 + "#PT"!1, !3"

where #P is the isobaric thermal expansion coefficient. We
will use this ratio to investigate the relative effect of volume
on the dynamics for changes in H-bond density.

For the nonassociated oligomer, 7PGDE, we determine
EV /HP=0.69$0.01 for T=178.0 K using a thermal expan-
sion coefficient determined from the Tait parameters in Table
I for P=0.1 MPa and !=0.1 s. The scaling exponent " is
independent of temperature and pressure, but as temperature
is lowered or pressure increased, the ratio EV /HP increases,
reflecting a weaker influence of volume.20 Since the hydro-
gen bonded 7PG does not conform to the scaling of Eq. !1",
we use the data of Ref. 16 to calculate the temperatures for
which !=0.1 s at various pressures. From the corresponding
specific volumes, we calculate the isochronal thermal expan-
sion coefficient, #!=!1.65%10!3 K!1 at 0.1 MPa and
205.8 K !a substantial extrapolation is necessary due to the
gap between the published ambient and high pressure
data.16" Using the relation4

EV

HP
= !1 ! #P/#!"!1, !4"

with #P=6.129%10!4 K!1 at 205.8 K and 0.1 MPa, we ob-
tain EV /HP=0.73$0.03. This value is larger than the value
for 7PGDE; thus, the presence of hydrogen bonding reduces
the effect of volume. This is illustrated in Fig. 3, which
shows the EV /HP ratio vs the degree of polymerization for a
series of hydrogen bonded glycols including both the present
results and literature data30 %note that the glass transition

temperature was defined as ! !Tg"=0.01 s in Ref. 30&. An
increasing n corresponds to a lower density of terminal hy-
droxyl groups and thus a decreased degree of hydrogen
bonding. This results in a correspondingly smaller ratio
EV /HP, reflecting the progressively stronger influence of vol-
ume on the dynamics for the longer chains, opposite to the
effect in normal polymers.20 Also included in Fig. 3 is the
value for 7PGDE, which is equivalent within the experimen-
tal error to the limiting value of EV /HP for the polymer poly-
propylene glycol with n=69, for which the !sparse" end
groups do not play a significant role in the dynamics.

We now investigate the third generality !iii" discussed
above, namely, the decrease in fragility normally observed
for increasing pressure. The isobaric fragility mP is com-
monly used to characterize the increasing relaxation time on
approach to the glass transition temperature Tg.7 It has pre-
viously been reported16 that mP for 7PG increases with pres-
sure in contrast to the normally observed decrease with P for
non-hydrogen-bonded glass formers. In Fig. 4, we show the
values of mP calculated at each measurement pressure using
the reported Vogel-Fulcher parameters;16 to avoid extrapola-
tion, we used !!Tg"=0.1 s. The increase of mP with pressure
for 7PG is similar to that found both for lower molecular
weight propylene glycols30 and for other hydrogen bonded
materials.31 The pressure dependence of the fragility for
7PGDE is calculated using4

mP =
&V

ln!10"RTdTg/dP
, !5"

in which &V %=$RT!d ln ! /dP"$T& is the activation volume.
As shown in Fig. 4, there is considerable scatter in the results
since Eq. !5" involves two derivatives. Nevertheless, a trend
of mP decreasing with P is consistent with the data. Alterna-

FIG. 3. !Color online" Decreasing the density of H bonding
increases the influence of volume on the dynamics. Ratio of isoch-
oric activation energy and isobaric activation enthalpy for propy-
lene glycol having the indicated n; the open circle is the value for
the 7PGDE. Data are from Ref. 30, except for the two heptamers.

FIG. 4. !Color online" H bonding changes the sign of the P
dependence of the fragility. Pressure dependence of the fragility for
7PG and 7PGDE, the former values calculated using the Vogel-
Fulcher parameters in Ref. 16 !dashed line is only a guide for the
eyes". For 7PGDE, mP were calculated using both Eq. !5" !circles"
and Eq. !6" !solid line".
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 Hydrogen bonding: dynamics vs. structure 

variable. Unlike the results for more than 50 van der Waals
glass-forming materials,4 the scaling fails for 7PG. Using
published PVT data for 7PGDE,19 we can examine how the
removal of hydrogen bonding affects the scaling. The results
are plotted in Fig. 1 and show that as the hydrogen bonding
is removed by end capping, the data can be superimposed. A
value of the scaling exponent !=3.1 is obtained, which is at
the low end of the range found for molecular glass formers.4

This is expected since the intramolecular bonds of this oli-
gomer are less sensitive to pressure,20 leading to a weaker
response to volume changes. Generally, small molecules
have higher ! values than polymers.4

Removal of the H-bonding capacity of 7PG thus results in
conformance to the scaling behavior of Eq. !1", whereas the
thermal lability and pressure sensitivity of hydrogen
bonds21,22 cause the TV! scaling to fail. A similar breakdown
of the scaling is found for water,11 a strongly associated liq-
uid with a high concentration of H bonds. Consistent with
this interpretation, we find that if the hydrogen bond density
of 7PG is reduced by increasing the oligomer chain length,
the scaling holds, as found for polypropylene glycol with n
=69 for which !=2.5 !Ref. 23" and for a random copolymer
of ethylene and propylene glycol with n=45 and !=2.3.11 If
the scaling is related to the steepness of the intermolecular

potential,24 the breakdown for hydrogen bonded systems is a
reflection of differences in the shape of the potential for the
different H-bond concentrations prevailing at different tem-
peratures and pressures.

We next investigate the effect of hydrogen bonding on
generality !ii", the invariance of the shape of the structural
relaxation function for different combinations of tempera-
tures and pressures when " is constant.5,6 For hydrogen
bonded materials, this superpositioning of the structural #
peak at fixed " generally breaks down due to the change in
hydrogen bond concentration,5 and this is indeed the case for
glycols. However, as shown in Fig. 2, the spectra measured
for 7PGDE at various conditions of T and P, corresponding
to fixed ", superpose. The fact that for nonassociated liquids
the shape !breadth" of the # peak depends only on the relax-
ation time means that the scaling exponent ! governs the
shape of the #-relaxation dispersion, as well as the value of
". Parenthetically, we note that upon application of pressure,
for large " an additional contribution appears on the high
frequency flank of the # peak. Such a feature has been re-
ported previously for 7PG in the glassy state at atmospheric
pressure17 and for lower molecular weight PG oligomers un-
der high pressure25–27 or mixed with water;27,28 thus, certain
conditions influence the H bonding, resulting in resolution of
this spectral feature.

The effect of volume on the dynamics is reflected in the
value of !; however, a more common metric is the ratio of

TABLE I. Results for uncapped and capped propylene glycol heptamers.

v0 v1 v2 b0 b1 Tg
a EV /EP

b !

7PG 0.9770 7.04$10!4 9.8$10!7 190 5.93$10!3 205.8 K 0.73%0.03 #2.8c

7PGDE 1.0282 7.75$10!4 10.1$10!7 160 6.15$10!3 178.0 K 0.69%0.01 3.1

aTemperature at which "=0.1 s.
bAt Tg.
cCalculated from Eq. !3" !" do not scale".

FIG. 1. !Color online" Failure of TV scaling due to hydrogen
bonding. Structural relaxation times of hydroxyl terminated 7PG as
a function of TV2.7 and of 7PGDE as a function of TV3.1. Since " for
the former do not superpose, the value of ! is arbitrary; Eq. !3"
yields !=2.8. The solid lines are from the reported Vogel-Fulcher
fits of " for the 7PG at ambient !Refs. 16 and 17" and elevated P
!Ref. 16".

FIG. 2. !Color online" Invariance of the # dispersion peak shape
at constant # peak frequency upon removal of the hydrogen bond-
ing. Loss spectra of 7PGDE at various combinations of T and P !as
indicated".
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the apparent activation energy at constant volume, EV!T ,V"
#$R! ln ! /!T!1$V to the activation enthalpy at constant pres-
sure, HP!T , P"#$R!! ln ! /!T!1"$P.29 This ratio, which varies
from zero to unity with increasing relative influence of tem-
perature, can be calculated from the scaling exponent,4,8

EV

HP
= !1 + "#PT"!1, !3"

where #P is the isobaric thermal expansion coefficient. We
will use this ratio to investigate the relative effect of volume
on the dynamics for changes in H-bond density.

For the nonassociated oligomer, 7PGDE, we determine
EV /HP=0.69$0.01 for T=178.0 K using a thermal expan-
sion coefficient determined from the Tait parameters in Table
I for P=0.1 MPa and !=0.1 s. The scaling exponent " is
independent of temperature and pressure, but as temperature
is lowered or pressure increased, the ratio EV /HP increases,
reflecting a weaker influence of volume.20 Since the hydro-
gen bonded 7PG does not conform to the scaling of Eq. !1",
we use the data of Ref. 16 to calculate the temperatures for
which !=0.1 s at various pressures. From the corresponding
specific volumes, we calculate the isochronal thermal expan-
sion coefficient, #!=!1.65%10!3 K!1 at 0.1 MPa and
205.8 K !a substantial extrapolation is necessary due to the
gap between the published ambient and high pressure
data.16" Using the relation4

EV

HP
= !1 ! #P/#!"!1, !4"

with #P=6.129%10!4 K!1 at 205.8 K and 0.1 MPa, we ob-
tain EV /HP=0.73$0.03. This value is larger than the value
for 7PGDE; thus, the presence of hydrogen bonding reduces
the effect of volume. This is illustrated in Fig. 3, which
shows the EV /HP ratio vs the degree of polymerization for a
series of hydrogen bonded glycols including both the present
results and literature data30 %note that the glass transition

temperature was defined as ! !Tg"=0.01 s in Ref. 30&. An
increasing n corresponds to a lower density of terminal hy-
droxyl groups and thus a decreased degree of hydrogen
bonding. This results in a correspondingly smaller ratio
EV /HP, reflecting the progressively stronger influence of vol-
ume on the dynamics for the longer chains, opposite to the
effect in normal polymers.20 Also included in Fig. 3 is the
value for 7PGDE, which is equivalent within the experimen-
tal error to the limiting value of EV /HP for the polymer poly-
propylene glycol with n=69, for which the !sparse" end
groups do not play a significant role in the dynamics.

We now investigate the third generality !iii" discussed
above, namely, the decrease in fragility normally observed
for increasing pressure. The isobaric fragility mP is com-
monly used to characterize the increasing relaxation time on
approach to the glass transition temperature Tg.7 It has pre-
viously been reported16 that mP for 7PG increases with pres-
sure in contrast to the normally observed decrease with P for
non-hydrogen-bonded glass formers. In Fig. 4, we show the
values of mP calculated at each measurement pressure using
the reported Vogel-Fulcher parameters;16 to avoid extrapola-
tion, we used !!Tg"=0.1 s. The increase of mP with pressure
for 7PG is similar to that found both for lower molecular
weight propylene glycols30 and for other hydrogen bonded
materials.31 The pressure dependence of the fragility for
7PGDE is calculated using4

mP =
&V

ln!10"RTdTg/dP
, !5"

in which &V %=$RT!d ln ! /dP"$T& is the activation volume.
As shown in Fig. 4, there is considerable scatter in the results
since Eq. !5" involves two derivatives. Nevertheless, a trend
of mP decreasing with P is consistent with the data. Alterna-

FIG. 3. !Color online" Decreasing the density of H bonding
increases the influence of volume on the dynamics. Ratio of isoch-
oric activation energy and isobaric activation enthalpy for propy-
lene glycol having the indicated n; the open circle is the value for
the 7PGDE. Data are from Ref. 30, except for the two heptamers.

FIG. 4. !Color online" H bonding changes the sign of the P
dependence of the fragility. Pressure dependence of the fragility for
7PG and 7PGDE, the former values calculated using the Vogel-
Fulcher parameters in Ref. 16 !dashed line is only a guide for the
eyes". For 7PGDE, mP were calculated using both Eq. !5" !circles"
and Eq. !6" !solid line".
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(How) does the hydrogen-bond network change as a function of temperature? 



 Hydrogen bonding 

…part of ongoing work… 



 Probing the H-bond network through vibrational spectroscopy 

(How) does the hydrogen-bond network change as a function of temperature? 
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 Vibrational spectra – OH-stretch vs. temperature 
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 Vibrational spectra – OH-stretch vs. temperature 

General trends 
•   Down shift  of OH-stretch band with decreasing temperature 
•   More non-bonded OH-groups in liquids with low OH-bond density 
•   Non-bonded OH-groups decrease ⇒ connectivity  increases 



 Average spectral frequency 3100-3800 cm-1 

⇒ Remarkably similar temperature dependence, ∆ω∼ 0.7 cm−1/K  
⇒ No evident anomalies/discontinuities in the super-cooled state   
⇒ PGME has a higher average frequency.  

PGME 

PG 



 Average spectral frequency 3100-3800 cm-1 

0 0.5 1 1.5
3250

3300

3350

3400

3450

3500
Mean of anisotropic spectra

T (K)

m
e
a
n
 (

c
m
!

1
)

0 0.5 1 1.5
3280

3290

3300

3310

3320

3330

3340

3350

3360

3370

3380

T (K)

m
e
a
n
 (

c
m
!

1
)

Tg/T 

av
er

ag
e 

fre
qu

en
cy

 (c
m

-1
) 

4682 P. Sindzingre and M. L. Klein: MD study of methanol 

TABLE I. Molecular dynamics results for methanol. 

CT) !p) Cli) vtn Equilibration Run Lrngth 

(K) (kbar) (kJ/mol-‘) (cm’lmol-‘) (ns) (ns) 

300 0.81 -- 23.11 40.669 0.06 0.69 
250 0.80 - 27.30 38.884 0.06 0.66 
210 0.79 -- 30.39 37.554 0.10 0.99 
180 0.7s - 32.84 36.550 0.69 1.12 
170 0.78 - 33.64 36.118 0.69 1.82 
155 0.77 - 34.32 35.855 1.12 1.85 
I35 0.77 - 35.33 35.575 0.99 1.02 
loo 0.76 --- 37.27 35.004 0.50 0.30 

B. Thermodynamic and structural properties 

Thermodynamic properties and radial distribution 
functions (RDF) for supercooled methanol based on the H 1 

model of methanol” have already been discussed in detail.” 
The new data for various thermodynamic properties are 
shown in Table I; they are in good agreement with previous 
work.‘” Results for the molar volume are shown in Fig. 1, 
toget.her with experimental data’” for the liquid. Over most 

of the liquid range, the calculated molar volumes are slightly 
larger than experimental values. In the normal liquid range, 
the calculated expansion coefficient is too small. As in pre- 
vious work,” the results for the volume suggest a change in 

slope around T = 155 K. This temperature is higher than the 
glass t.ransition temperature ( 103 K) determined for metha- 
nol by calorimetry.’ The difference can be partly ascribed to 
t.he much higher cooling rate in the present simulations.*” 
As shown below, results for the diffusion coefficient in the 
liquid are lower than the experimental values. The smaller 
mobility of the molecules in the simulated system is also 
likely to cause the glass transition temperature to move up- 

wards. A change of slope around 155 K can be also seen in 
the variation of the internal energy with temperature. *’ 
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FIG. 1. Temperature dependence of the molar volume of methanol. The FIG. 2. Atom-atom radial distribution functions of methanol at 250 and 
solid curve is the experimental data taken from Ref. 14, and the dots are the 135 I(: (a) C-C (solidline),C-O (dots),C-H (dashed); (b) C)-o (solid), 
present molecular dynamics results. 0-H (dots), H-H (dashed). 

Selected simulation results for RDFs at T= 250 and 
135 K are displayed in Fig. 2. As noted by previous 

workers,hPs the O-O and O-H distributions are consistent 
with the picture of a filamentary structure of hydrogen- 
bonded molecules. The area under the main peak of the 0-O 

RDF indicates a coordination number close to two. A 
noteworthy feature is the splitting of the first neighbor peak 
in the C-C distribution. This observation may be contrasted 
with the well-known splitting of the second neighbor peak in 
atomic systems and metallic glasses. The area under the first 

peak of the C-C distribution yields a total of 11 neighbors, 

with roughly 5 or 6 under each peak of the doublet that 
occurs around 4 and 4.5 A. Because of the number of neigh- 
bors involved, this splitting likely results from the spatial 

arrangement of C atoms in different chains. A splitting also 

develops in the C-H second neighbors peak around 4 A. 
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 Vibrational spectra – OH-stretch vs. temperature 
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 Band analysis – 2nd derivative to identify components 

•   Position of ∼3600 cm−1 independent of temperature, intensity decreases 
•   ~3300 cm-1, ~3500 cm-1 shifts toward lower frequencies with 

 decreasing temperature, strengths of the bands vary with temperature 

•   In the 2nd derivative of the Raman spectra each sub-band corresponds to a minimum  
•   3 minima found in the isotropic spectra 



 Band analysis – fitting PGME with 3 gaussian functions 
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 Band analysis: PG  vs. PGME 
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 Vibrational spectra – Boson peak 

Stronger hydrogen bond network also reflected  
in a higher boson peak frequency 
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 Vibrational spectra – modelling 

Toy structures of methanol from ab-initio calculation 

2855 cm-1 3170 cm-1 



 What did we learn? 

⇒ Surprising similar temperature dependence of the OH-stretch 
 band ∆ω=0.7 cm-1/K. Similar structural rearrangement? 

⇒ Soften of OH band combination of mode softening and  
 redistribution of intensity 

⇒ Liquids with low H-bond density “non H-bonded”  
 molecules are present at high temperatures.  
 Low temperatures  - incorporation in the H-bond network. 
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