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The ultrafast rotational-diffusive dynamics of the peptide linkage model compounds N-methylacetamide (NMA),
acetamide (Ac), and N,N-dimethylacetamide (DMA) have been studied as a function of temperature using
optically heterodyne-detected optical Kerr effect (OHD-OKE) spectroscopy. Both NMA and Ac exhibit a
non-Arrhenius temperature dependence of the rotational diffusive relaxation time. By contrast, the
non-hydrogen-bonding DMA exhibits normal hydrodynamic behavior. The unusual dynamics of NMA and
Ac are attributed to the decoupling of single-molecule rotational diffusive relaxation from the shear viscosity
via a transition between stick and slip boundary conditions, which arises from local heterogeneity in the
liquid due to the formation of hydrogen-bonded chains or clusters. This provides new insight into the structure
and dynamics of an important peptide model compound and the first instance of such a phenomenon in a
room-temperature liquid. The OHD-OKE responses of carboxylic acids acetic acid (AcOH) and dichloroacetic
acid (DCA) are also reported. These, along with the terahertz Raman spectra, show no evidence of the effects
observed in amide systems, but display trends consistent with the presence of an equilibrium between the
linear and cyclic dimer structures at all temperatures and moderate-to-high mole fractions in aqueous solution.
This equilibrium manifests itself as hydrodynamic behavior in the liquid phase.

1. Introduction
Inter- and intramolecular hydrogen bonding plays an important role in determining the structure and function of biological
molecules. As such, a thorough understanding of the interactions
between molecules in hydrogen-bonded liquids is crucial to our
comprehension and exploitation of biological systems. Studying
intermolecular interactions in complete biological systems,
however, is problematical due to the size and complexity of
the molecules involved. This has resulted in the use of simpler
model systems to further our understanding.
N-Methylacetamide (NMA, CH3NHCOCH3), which closely
resembles the peptide linkage, is one such model system that
has been extensively studied.1-15 The majority of this work has
concentrated on determining the structure of NMA in the liquid
phase and in solution. It has been suggested by theoretical
simulations of liquid NMA that the molecules form hydrogenbonded chain-like aggregates in the liquid phase similar to those
found in the crystalline state.1,2 A variety of experimental
approaches have been employed such as FTIR spectroscopy,8,9
including multidimensional correlation techniques,3-7 Raman
scattering,2,9-11 and X-ray diffraction13 at a range of temperatures and levels of dilution in both hydrogen-bonding and
non-hydrogen-bonding solvents. To date, however, a definitive
picture of the intermolecular interactions in liquid NMA
remains elusive. Studies of NMA using 2D correlation FTIR
spectroscopy3-6 have yielded features that were assigned to
hydrogen-bonded aggregates but it has also been suggested that
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these may be due to temperature-induced frequency shifts of
vibrational bands.7 Similarly, mid-infrared spectroscopy has been
used to obtain quantitative estimates of the extent of NMA selfassociation but the values obtained vary considerably.8,9 The
amide I band of NMA has been the focus of much study using
both infrared and Raman spectroscopies.2,9-11 In some cases,
sub-bands of this transition have been identified that have been
attributed to the formation of aggregates.10,12 A gradual evolution
of the shape and position of the amide I band with temperature
or concentration was linked to changes in cluster sizes. Some
evidence for short range order and self-association has also been
obtained using X-ray diffraction in conjunction with density
functional theory (DFT) calculations13 and measurements of the
hydration enthalpy of NMA.14
Ultrafast spectroscopic methods have also been applied to
the study of NMA. 2D-IR experiments produced a value of 1015 ps for the hydrogen-bond lifetime of NMA dissolved in
methanol-d4,15 while recently we employed optically heterodynedetected optical Kerr-effect (OHD-OKE) spectroscopy to determine the rotational diffusive dynamics and terahertz Raman
spectrum of NMA at a range of temperatures and levels of
dilution in water and CCl4.16 Unusual changes in the rotational
relaxation time of NMA were observed contrary to established
hydrodynamic theory for simple liquids. These were tentatively
attributed to a model in which neat NMA forms hydrogenbonded aggregates that break up at a critical temperature or
dilution level. Accompanying changes in the low-frequency
Raman and infrared transition intensities were also observed,
which indicated the presence of collective effects that change
the polarizability and dipole moment in a nonstoichiometric
manner.16
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TABLE 1: Results of Fitting OHD-OKE Data to Eq 3 and
Various Physical Constants Relating to the Studied Liquids;
Shown Are the Melting Temperature, the Boiling
Temperature, the Heat of Vaporization, the Viscosity at
Room Temperature, and the Activation Energy Obtained
through Fitting OHD-OKE Data to Eq 3
molecule
N,N-dimethylacetamide (DMA)
N-methylacetamide (NMA) <393K
N-methylacetamide (NMA) >393K
acetamide (Ac) <425 K
acetamide (Ac) >425 K
acetic acid (AcOH)
dichloracetic acid (DCA)

Tma Tba
∆Hvap
Ea η298K
(°C) (°C) (kJ mol-1) (K) (mPas)
20
27

165
205

50.2b
69.9b

78

221

80.3b

16
10

120
194

41.7c

a
Sigma Aldrich data. b Della Gatta et al.72
ed.73

c

736 1.927c
184 2.2
1200
750
2760
963 1.056c
462

CRC Handbook, 89th

Here, we have studied the behavior of neat liquid NMA at
higher temperature resolution to determine more accurately the
nature of the temperature-induced transition point in the
rotational diffusive dynamics. These new data have been
combined with differential scanning calorimetry (DSC) and
measurements of the macroscopic liquid viscosity in order to
shed further light on the origins of this unusual behavior.
The changes in the rotational diffusion time observed have
several possible origins. These include a liquid-liquid phase
transition between hydrogen-bonded and non-hydrogen-bonded
states or an unusual temperature dependence of factors such as
molecular volume, pairwise correlation effects, or in the coupling
between macroscopic shear viscosity and microscopic molecular
dynamics but to date the data are inconclusive. While liquidliquid phase transitions (LLT) have been clearly observed for
atomic liquids,17-21 direct experimental evidence for such
phenomena in molecular liquids has only been reported very
recently and often close to the glass transition or freezing point

of the liquids concerned.22,23 It has been shown, however, that
the possibility exists for an LLT in any molecular liquid that
has a tendency to form long-lived locally favored structures due
to anisotropic interactions such as those arising from hydrogen
bonds.23,24
Examples of non-Arrhenius temperature dependencies of
rotational relaxation times have been observed previously. The
origins of such phenomena are largely due to microscopic
heterogeneities in the liquid structure, which enable the decoupling of molecular reorientation from the macroscopic liquid
viscosity.25-27 Most relevant to this work is the recent observation of fractional Stokes-Einstein behavior in pure liquid HF.25
We have investigated other hydrogen-bonded systems; two
further amides have been studied in an effort to determine
whether the effects observed for NMA also occur in liquids
with similar structural motifs. The systems chosen were the nonhydrogen-bonding N,N-dimethylacetamide (DMA) along with
acetamide (Ac), which has the capacity to form two intramolecular hydrogen bonds via the amide nitrogen. The model
compound formamide was not studied although it may be
expected to behave similarly to Ac.28
In addition, we have studied acetic acid (AcOH) and the
derivative dichloroacetic acid (DCA) to judge whether these
effects occur in other hydrogen-bonding systems. Acetic acid
has been the subject of much debate regarding its structure and
intermolecular hydrogen bonding. While it is now widely
accepted that the crystalline form is based upon linear hydrogenbonded chains29-36 and the gas phase is dominated by the socalled cyclic dimer (see Table 2 for structures),37 the structure
of the liquid phase remains a topic of much debate. Following
studies using Raman scattering and FTIR spectroscopy at a range
of temperatures and pressures, it is now widely agreed that neat
acetic acid consists mainly of an equilibrium between cyclic
and linear dimers.38-40 The situation in aqueous solution is less

TABLE 2: Results of DFT Calculations on AcOH and DCA Monomer and Dimer Structures
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clear, however. It has been suggested that acetic acid-water
mixtures form two microphases: a water cluster phase at high
water concentrations and an acetic acid cluster phase consisting
mainly of chain clusters similar to those found in the crystalline
phase.41,42 More recently, attenuated total reflectance (ATR)
FTIR spectroscopy has been combined with Raman scattering
and ab initio calculations to suggest that acetic acid exists as a
hydrated monomer at low concentrations (<1 M) and that, as
the mole fraction increases, the populations of linear dimers
and subsequently cyclic dimers increase steadily.38
We have studied the rotational-diffusive dynamics and
terahertz Raman spectrum of AcOH and DCA as a function of
temperature. As a result of the chlorine atoms present in DCA,
the low-frequency spectra feature some modes that can be used
to report on the hydrogen-bonded state of the molecule. Changes
observed in these modes at elevated temperature were studied
as a function of aqueous dilution. Density functional theory
(DFT) calculations were employed in an effort to fully
characterize the behavior of these systems.
The remainder of the paper is organized as follows: section
3 contains details of the experiments carried out. The results
are presented in section 4, followed by a discussion in section
5, and finally, a summary is presented and conclusions drawn.
2. Experimental
The OHD-OKE method is well established and has been
widely used to measure the third-order polarizability anisotropy
of a wide range of liquid samples.43-45 This method has been
used extensively to study the dynamics of pure liquids and
binary mixtures45 and is increasingly being employed in
investigations of more complex liquid-phase systems.46 Examples of the latter include ionic liquids,47-49 microemulsions,50-53
sol-gel confined liquids,54-57 liquid crystals,58-61 polymers,62-65
biopolymers, and proteins.66-68 More recently, we have applied
the technique to study the dynamics of hydrogen-bonded liquid
systems.16,69 Fourier-transform deconvolution of the OHD-OKE
response yields the low-frequency Raman spectral density.45 The
OHD-OKE spectrometer used has been described in detail
elsewhere, as have the methods for Fourier transform deconvolution of the time-domain data.69
The high-resolution temperature-dependent experiments on
NMA were carried out by replacing the temperature control unit
used previously to heat the copper cuvette holder (accuracy (5
K) with a DC source that could be controlled to an accuracy of
(0.5 K.
All chemicals were obtained from Sigma-Aldrich Co Ltd and
were used without further purification. All samples used for
OHD-OKE spectroscopy were placed in cuvettes under a
nitrogen atmosphere and sealed to prevent water contamination
due to the hygroscopic nature of some of the molecules studied.
The samples were filtered using 0.2 µm filters, and allowed to
stand for 24 h prior to use.
Rheological measurements were made by a rheometer (Rheologica, Dynalyser VAR-CF) using a cone-plate geometry with
a cone angle of 1°. The temperature dependence of the viscosity
was measured upon heating at a rate of 1 K min-1. The viscosity
was measured with a strain-controlled mode: the shear rate was
controlled to be 102 s-1. The edge of the sample was covered
by silicone oil to prevent evaporation of NMA.
Calorimetric measurements were made using a differential
scanning calorimeter (Mettler Toledo, DSC-822e). The heat flux
was measured upon heating at a rate of 1 K min-1 using a
complex (AC) heat capacity measurement mode.
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Figure 1. Temperature dependence of the OHD-OKE response of neat
liquid NMA. The inset shows the OHD-OKE response of neat NMA
in the time domain. The main picture shows the temperature dependence
of the rotational-diffusive time scale of NMA. Black squares indicate
previously published data16 while red circles indicate new data points.
Dash-dot and dashed lines are fits to Arrhenius-type behavior above
and below 383 K respectively.

All DFT calculations have been carried out using the
Gaussian03 package.70 Gas-phase DFT structure optimizations
have been performed for AcOH and DCA in the monomer,
cyclic dimer, and linear dimer forms using the B3LYP hybrid
functional71 and the 6-311G++ basis set.70 The optimized
structures were then used as the basis for vibrational normalmode calculations, which included the generation of Ramanscattering intensities.
3. Results and Discussion
N-Methylacetamide (NMA). The OHD-OKE response of
NMA as a function of temperature is shown in Figure 1 (inset).
In the time domain, the data are characterized by a sharp spike
at zero pump-probe time delay attributable to the electronic
hyperpolarizability of NMA. Between 50 and 250 fs, a shoulder
is observed corresponding to librational motion of the NMA
molecules. Beyond 1 ps, the data take on the form of a
biexponential decay indicative of rotational-diffusive relaxation.
This can be investigated quantitatively by fitting the OHD-OKE
data at time delays greater than 1.5 ps to

rdiff ) (a1 e-t/t1 + a2 e-t/t2)(1 - e-2ωavt)

(1)

which has been shown to describe the picosecond dynamics of
many simple liquids.45 The results of this process are shown in
Figure 1. In the case of a normal hydrodynamic fluid, the
rotational-diffusive time scale (t2) can be related to the shear
viscosity (η) through the Stokes-Einstein-Debye (SED) relation:

t2 )

g2Vη
kBT

(2)

Here, t2 is the collective reorientation time from OHD-OKE;
g2 is the static orientational pair correlation parameter, and V
the hydrodynamic volume.
The shear viscosity of NMA as a function of temperature
has been measured (see Figure 2a) and found to be consistent
with a normal hydrodynamic liquid, i.e., the viscosity varies
with temperature according to an Arrhenius function η ) A exp(Ea/kBT), where Ea/kB ∼ 1500 K. Combining this Arrhenius
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Figure 2. (a) Temperature dependence of the shear viscosity of pure
liquid NMA. The dashed line shows a fit to an Arrhenius expression
(see text). (b) Comparison of the t2 values obtained via the OHD-OKE
experiment and calculated using the SED equation. The inset shows
the temperature variation of the stick-slip coefficient δ (see text). Dashed
and dotted lines show fits to fractional DSE equation (see text). The
dashed line has a ξ value of 1.04, the dotted line 0.3.

behavior of the viscosity with the SED expression eq 2, one
would expect the rotational time scale of NMA to be well
described by a function of the form

t2 )

()

Ea
A′
exp
T
T

(3)

It was attempted to fit eq 3 to the temperature-dependent data
in Figure 1 but it was found that one such profile was insufficient
to fit the data across the complete range of temperatures at which
NMA is a liquid (see dashed line Figure 1). The function failed
to replicate the sudden deviation in the rotational relaxation time
observed near 383 K. However, the t2 value appears to follow
two separate Arrhenius profiles, the first at temperatures below
383 K (dashed line Figure 1) and the second from 383 K upward
(dash-dot line Figure 1). The parameters obtained from the fit
are shown in Table 1.
There are three possible reasons for the unusual behavior of
NMA, all of which have their origins in the hydrogen-bonding
nature of the liquid. The deviation from Arrhenius behavior
could be caused by: (1) a liquid-liquid phase transition (LLT);
(2) an unusual temperature dependence of the parameters in the
SED equation, such as g2 or V; or (3) a change in the boundary
conditions that govern the coupling of the motion of NMA
molecules in the liquid to the shear viscosity.
If a LLT were occurring between hydrogen-bonded and nonhydrogen-bonded states of NMA, it would be expected that an
additional peak would be observed in the DSC profile of NMA
at around 383 K. However, in DSC experiments carried out on
dry NMA, no peak was observed and the temperature depen-

dence of the heat flux was observed to be monotonic. There
was no distinct change around 383 K. These results exclude
the possibility of the existence of a thermodynamic transition
such as a liquid-liquid phase transition. It should be noted that
small peaks in the DSC profile of liquid NMA have been
reported previously at around 390 K11 but in light of our results
these would appear to have been caused by water contamination
of the hygroscopic sample. It should be stressed that the OHDOKE data were recorded using dry NMA under a nitrogen
atmosphere and as such water contamination is not responsible
for the observed change in the dynamics.
The possibility of the parameters of the SED equation
displaying unusual temperature behavior is worthy of consideration. It can be envisaged that, at elevated temperatures, the
break up of hydrogen-bonded aggregates may lead to a reduction
in the value of the molecular volume or g2, the static orientational pair correlation parameter, which measures the degree
of parallel ordering in the liquid and has a value of unity or
greater.74 A reduction in either of these at high-temperature
would lead to reduced values of t2. However, such an occurrence
would be expected to be observed in the macroscopic shear
viscosity of the sample. Indeed, calculations of g2 from the t2
values measured through OHD-OKE, the experimental shear
viscosities, and using the molecular volume of NMA, yielded
unphysical g2 values less than unity.
It is interesting to consider the results of fitting the observed
t2 values to eq 3 (see Table 1). In particular, the fact that the
activation energy obtained at high temperature is significantly
closer to that obtained through measurements of the shear
viscosity than that at low temperature. This indicates that the
measured rotational diffusion time is most strongly coupled to
the shear viscosity at elevated temperatures. This suggests that
the observed unusual behavior may be due to a transition
between stick and slip boundary conditions27 upon reducing the
temperature. This effect has been observed for large probe
molecules dissolved in glass-forming liquids,26,27 whereby at
high temperatures the rotational dynamics of the probe closely
follow the shear viscosity, but at low temperatures, local
heterogeneities in the solvent enable the probe to rotate faster
than the viscosity would appear to allow. This scenario is
modeled using a variant of the SED equation employing slip
SED
boundary conditions, where texp
2 ) δ t2 . In this case, δ is less
than unity and can be related to the shape of the molecular
probe.75
The results of examining the data from Figure 1 using this
approach are shown in Figure 2b. Using the value of Ea/kB from
high-temperature portion of the NMA data, which is close to
that obtained via the shear viscosity measurements (especially
in light of the scatter on these results), a comparison of the
calculated tSED
with the observed texp
2
2 shows that the two are in
close agreement above 383 K, leading to a δ value close to
unity, indicating stick boundary conditions. Below 383 K, the
values diverge suggesting that the observed t2 is smaller than
the shear viscosity would imply. This decoupling of t2 from
the viscosity may be brought about by the formation of a
heterogeneous liquid structure through the formation of hydrogenbonded chains. The observed t2 values are then for NMA
molecules not involved in chains, which will experience
significantly decreased rotation-diffusion timescales.
Such decoupling of the rotational relaxation time and the
viscosity has been observed previously26,76-80 and has also been
discussed in terms of a variant of the SED equation referred to
as the fractional SED equation.81 The f-SED equation features
a power law dependence of η/T with the exponent ξ being unity
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Figure 4. Rotational-diffusion time scale (t2) of DMA as a function
of aqueous dilution (blue squares) as compared to the viscosity of the
solutions (red circles).82

Figure 3. (a) Temperature dependence of the OHD-OKE response of
neat DMA. The inset shows the results of fitting to a single Arrhenius
profile (see text). (b) Terahertz Raman spectrum of neat DMA as a
function of temperature.

for normal SED behavior and less than one in a decoupled
system. The data in Figure 2(b) can be well represented by this
relation even when using the experimental value for the
activation energy of the shear viscosity (1500 K). Above 383
K, ξ had a value of 1.04 while below 383 K the value of ξ fell
to 0.3. This representation of the data is more successful than
that using the parameter δ above as it describes the data at all
temperatures whereas the stick-slip approach implies increasing
levels of “slippage” as the temperature decreases below 383 K
(Figure 2b inset).
N,N-Dimethylacetamide (DMA). In order to put the results
of NMA into context, the OHD-OKE response of neat DMA
was recorded as a function of temperature between room
temperature and the boiling point at 438 K. Once again, eq 1
was used to fit the time profiles and the results are shown in
Figure 3a.
In contrast to NMA, DMA is unable to form intermolecular
hydrogen bonds due to the absence of the peptide-like hydrogen
atom. It is therefore interesting to note that the value of t2
obtained for DMA near room temperature is nearly a factor of
4 lower than that of NMA despite the similar molecular size
and viscosity (the room-temperature viscosities of NMA and
DMA are given in Table 1). Additionally, the temperature
dependence of t2 for DMA shows no unusual behavior and can
be reproduced using a single Arrhenius profile across the entire
temperature range in which the liquid phase exists. This can be
seen in the inset of Figure 3a while the parameters are given in
Table 1. The reason for the differences in t2 observed between
NMA and DMA are likely to have their origins in hydrogen
bonding. That the rotational-diffusion time scale for NMA is
significantly longer despite the similar viscosities and molecular
volumes would seem to indicate a larger g2 parameter for NMA.
This is reasonable, as the hydrogen bonding in NMA would
promote parallel ordering and correlation effects absent in DMA.
Similarly, the lack of hydrogen bonding in DMA accounts for
the normal hydrodynamic behavior. The inability to form

clusters or chains means that the liquid has no heterogeneous
character at low temperature.
Fourier-transform deconvolution of the OHD-OKE response
yields the terahertz Raman spectrum.69 The results of this
process for DMA are shown in Figure 3(b). Very little change
is observed in the low-frequency Raman spectrum other than a
slight narrowing of the broad librational band below 100 cm-1
and an increase in the scattering intensity at very low frequencies
(<50 cm-1). This is as observed previously for NMA,16 which
also showed no substantive changes in the frequency domain
spectrum. The narrowing of the librational band can be attributed
to slight decreases in the liquid density at elevated temperatures,
which leads to a slightly shallower intermolecular potential well
and reduced frequency. In the case of DMA, the changes in the
low-frequency scattering intensity can be attributed to the
changes in the rotational-diffusive time scale leading to a broader
contribution from the rotational dynamics at low frequency. This
was confirmed via subtraction of the rotational-diffusive
component from the time domain data prior to Fourier transformation, although it is noted that the inherent assumption that
such similar librational and rotational-diffusive timescales are
separable is unlikely to be wholly accurate.
It was noted previously that the rotational-diffusive time scale
of NMA exhibited sharp changes as a function of dilution in
water.16 These were again attributed to a transition between the
existence of hydrogen-bonded aggregates of NMA at high solute
concentration and fully solvated NMA at mole fractions below
0.125. The study was repeated using DMA at a similar range
of mole fractions and the results can be seen in Figure 4.
The results are as expected for the solvation of a nonhydrogen-bonding liquid in an aqueous solvent that can form
hydrogen bonds to it.82 As the mole fraction of DMA increases,
hydrogen bonds form between the solvent and solute leading
to an increase in the viscosity, which peaks at an MDMA value
of around 0.25 before decreasing. It can also be seen from Figure
4 that the rotational-diffusion time of DMA dissolved in water
closely follows the viscosity profile,82 as would be expected
for a fluid that obeys the SED relation.
In the frequency domain, once again, no substantive changes
to the Raman spectrum were observed with increased dilution
other than a change in scattering intensity that was directly
proportional to the mole fraction of DMA. This is as would be
expected because the intensity of the OHD-OKE response is
dependent upon the molecular polarizability. The signal from
water is negligible compared to that of DMA and so the
responses from the mixtures are dominated by that of DMA.
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Figure 6. OHD-OKE response as a function of temperature for AcOH.
Inset: plot of rotational-diffusion time vs temperature for AcOH and
DCA; dashed red lines indicate the results of fitting to an Arrhenius
profile.

Figure 5. (a) Temperature dependence of the rotational-diffusion time
of neat acetamide. Red lines indicate fitting to Arrhenius profiles (see
text). The dotted line shows the results of fitting to the high-temperature
portion of the data while the dashed line corresponds to the lowtemperature results. (b) Terahertz Raman spectrum of acetamide as a
function of temperature.

Taking the DMA data as a function of temperature and
dilution as a whole it appears that, in the absence of intermolecular hydrogen bonding, DMA behaves as a normal hydrodynamic liquid, displaying none of the unusual behavior
observed in NMA.
Acetamide (Ac). In contrast to both NMA and DMA, Ac
has two available amide hydrogen atoms through which it can
form intermolecular hydrogen bonds. This additional hydrogenbonding capability not only offers the opportunity for forming
three-dimensional hydrogen-bonded networks but also accounts
for the fact that the melting point of Ac lies at 352 K, some 50
K above that of NMA and 100 K above DMA (Table 1). The
OHD-OKE response of Ac as a function of temperature has
been obtained. The results of fitting to eq 1 are shown in Figure
5. The elevated melting point of Ac means that the temperature
range over which it could be studied was restricted by the
heating system employed to between 352 and 463 K (Ac boils
at 495 K), but it can be seen from the data that Ac shows nonsingle Arrhenius-type behavior with a transition point at around
425 K (parameters for the fits are given in Table 1). This
behavior would appear to be consistent with that observed for
NMA, which also forms intermolecular hydrogen bonds.
Unfortunately, viscosity data for Ac are not available for further
analysis.
The terahertz Raman spectra for Ac as a function of
temperature are shown in Figure 5b. As with DMA, little change
is observed although the increased amplitude at low frequencies
due to the changing rotational-diffusive time scale is again
observed. In the case of Ac, this is somewhat clearer as a result
of the higher frequency of the librational band in comparison
to that of DMA (100 cm-1 vs 50 cm-1), leading to greater
separation of the contributions. That the librational band of Ac
lies at higher frequency can be attributed to the increased levels
of intermolecular interaction through hydrogen bonding in
comparison to DMA. It is noteworthy that the same band for

NMA is located at around 80 cm-1, which is consistent with
the trends in hydrogen bonding ability and melting temperature
of the three liquids. In the case of Ac, the librational band also
narrows and shifts to lower frequency as the temperature is
increased, consistent with expected changes in liquid density.
Acetic Acid (AcOH). It is instructive to extend the study to
other types of hydrogen-bonding liquids in order to judge
whether the effects observed for the amides, NMA and Ac
above, are restricted to these systems. The results may also be
able to shed some more light on the complex nature of the
structure of the liquid phase of AcOH.
The OHD-OKE response of AcOH as a function of temperature is shown in Figure 6 with the results of fitting the data to
eq 1 in the inset. It can clearly be seen that the data for AcOH
shows simple hydrodynamic behavior as the rotational-diffusion
time follows a single Arrhenius-type profile over the full
temperature range of the liquid phase. This is interesting in light
of the results for NMA and Ac but perhaps not surprising given
that the structure of the liquid is expected to be a dynamic
equilibrium between linear and cyclic dimers. If chain formation
through polymerization of the linear dimer does not constitute
a dominant fraction of the liquid, then hydrodynamic behavior
would be expected.
As mentioned in the introduction, it is widely accepted that
neat AcOH exists in an equilibrium between the cyclic and linear
dimers at room temperature with the population of the linear
dimer increasing with temperature. Therefore, it is interesting
to examine the low-frequency response for any signs of changes
in the population of these species. The results of the Fourier
transformation process are shown in Figure 7a, and it can clearly
be seen that very little change is observed in the low-frequency
Raman spectrum of neat AcOH over the temperature range
studied. The positions of the observed Raman bands are
summarized in Table 2 along with the results of DFT calculations of the low-frequency Raman spectra of the monomer,
cyclic dimer, and linear dimer structures. AcOH exhibits four
main contributions to the terahertz Raman spectrum: the
rotational-diffusive response at very low frequency (<5 cm-1)
and the librational band at around 40 cm-1. In addition,
intramolecular Raman modes are visible at 120 and 450 cm-1.
Previously, the latter has been attributed to a bending mode of
the C-CO2 group of the linear dimer,38 that of the monomer
being predicted nearer to 420 cm-1,39 while the former has been
assigned to several bands due to the bending and torsional
motion of the ring component of the cyclic dimer.41 These
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Figure 7. Terahertz Raman spectra of (a) neat AcOH and (b) neat
DCA as a function of temperature.

observations are consistent with the results of the DFT calculations (Table 2). The C-CO2 bend of the monomer is predicted
to occur at 425 cm-1 but at higher frequencies in the dimers.
Similarly, both dimers show transitions in the 120 cm-1 region
that are not present in the predicted monomer spectrum.
Differentiation between cyclic and linear dimers on the strength
of DFT calculations is nontrivial because of the similarities of
the results and the fact that the linear dimer has the capacity to
polymerize needs to be considered also. However, these
assignments seem to confirm the accepted notion that neat
AcOH is composed of both linear and cyclic dimers, although
there is little to suggest a change in the relative populations of
these species with increased temperature. The fact that the
equilibrium energies of the two dimer structures are significantly
lower than that of the monomer is also persuasive.
Dichloroacetic Acid (DCA). Given the above results, it was
decided to investigate the dichloro derivative of AcOH, whichs
due to the presence of the chlorine atomssexhibits considerably
more structure in the low-frequency region of the spectrum.
These bands, while not directly involved in hydrogen bonding
might be expected to act as reporter groups for the hydrogenbonded state of the DCA molecule.
The results of the time-domain study of DCA are shown in
the inset of Figure 6a, alongside those of AcOH. The two liquids
show very similar temperature dependence of the OHD-OKE
response as might be expected, with DCA also exhibiting normal
hydrodynamic behavior throughout the liquid phase. That the
rotational-diffusive time scale of DCA is shorter than that of
AcOH may be due to slightly weaker hydrogen bonding as a
result of the electron withdrawing effects of the chlorine atoms,
a trend that is reflected in the melting temperatures of the two
species (Table 1). Interestingly, this is not borne out in the
boiling points, although increased dipolar interactions arising
from the more polar DCA may explain this. Alternatively, the
bulky chlorine atoms may inhibit the close packing of the
molecules in DCA relative to AcOH leading to faster rotation
rates.
The Raman spectrum of DCA as a function of temperature
is shown in Figure 7b. In addition to the librational band located
near 50 cm-1, which once again shifts to lower frequency and
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gains in intensity with increased temperature, there are several
intramolecular modes of DCA present. The experimentally
observed line positions and the results of DFT calculations on
the DCA monomer and the cyclic and linear dimers are shown
in Table 2.
As with AcOH, the observed spectrum of DCA seems to more
closely resemble that predicted for the dimers rather than the
monomer. The C-CO2 band is observed at 420 cm-1 close to
the value calculated for both dimers, while that of the monomer
is predicted to lie at lower frequency. Also, the broad contribution to the experimental spectrum near 150 cm-1 is consistent
with the flexing motions of the dimers and Raman scattering
intensity at these frequencies is not predicted for the monomer.
It should be noted that, as with AcOH, the broad nature of these
bands in the low-frequency Raman spectrum is consistent with
the inhomogeneous broadening associated with modes involving
hydrogen bonds. The three modes observed between 205 and
290 cm-1 are attributable to bending motions of the CCl2 unit
although it is difficult to draw any firm conclusions from the
calculated positions of these modes due to the similar frequencies. That said, somewhat better agreement is seen between
experiments and the predicted frequencies of the dimer modes
than with those of the monomer.
In contrast to AcOH, increasing the temperature causes a
change in the terahertz Raman spectrum of DCA. A shoulder
located at 265 cm-1, which is apparent at room temperature,
decreases in intensity and apparently disappears by 373 K. While
not a large enough change to indicate a dimer to monomer
transition, this is indicative of a temperature-induced effect upon
the liquid structure. Further analysis of these bands (presented
in the Supporting Information), including studies of dilute
solutions of DCA in water show that the changes are consistent
with a dynamic equilibrium between the cyclic and linear
dimers. Due to the spectral congestion however, it was possible
neither to definitively assign contributions to individual structures, nor indeed to definitively exclude the possibility of the
presence of small monomer contributions, but the patterns
observed are consistent with previous studies of AcOH and
AcOD implying that DCA does not behave in a significantly
different manner.
General Discussion. It is interesting to consider the results
of comparing the temperature dependence of the rotationaldiffusive timescales of the liquids studied to the expected
hydrodynamic models. In the case of DMA, AcOH, and DCA,
the behavior was as expected, with all three showing a
temperature-dependence that was well represented by a single
Arrhenius-type profile. In contrast, NMA and Ac both showed
behavior that could only be fitted using two such profiles. While
non-single-Arrhenius behavior of the dynamics of molecular
liquids such as that observed for NMA here is not a new
phenomenon,26,76-80 it is, however, unexpected to observe this
kind of effect in a pure room-temperature liquid. The observation
of a crossover between two dynamical regimes is usually
observed near a phase transition of the liquid, most typically
near the glass transition point27 or a similar fragile to strong
transition where a liquid moves from a phase lacking short to
medium range order to one where directional bonding predominates.83
In the case of NMA, the macroscopic shear viscosity shows
no deviation from the Arrhenius equation and measurements
using DSC provided no evidence of a phase transition. This
suggests that the non-Arrhenius behavior observed in OHDOKE is due to a decoupling of the rotational relaxation time
from the shear viscosity. Such an effect is well-known in
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measurements of the relaxation dynamics of large dye probe
molecules as the viscosity of the solvent increases.26,76-80 The
origins of this effect lie in the increasing heterogeneity of the
solvent as the temperature decreases, leading to the dye
molecules not experiencing the shear viscosity but rather pockets
of localized reduced viscosity enabling a faster rotational
diffusive time scale than predicted by the SED equation. Such
a transition from stick to slip boundary conditions is termed
fractional SED behavior and is well described by the f-SED
equation as shown above. This effect is also observed in the
decoupling of translational motion though the effects are less
marked than for rotational decoupling.84-89 This effect was not
observed in pure molecular liquids until very recently.16,25 In
both cases, the liquids were capable of hydrogen bond formation.
In the case of HF, the value of ξ recovered was 0.02, reflecting
the ability of the small molecule to rotate almost freely within
the high viscosity liquid. The value obtained for NMA of 0.3
is consistent with that of 0.25 predicted for water.81 Similarly,
values of 0.28 and 0.46 were obtained using ESR spectroscopy
for the TEMPO radical in phenyl salicylate and ortoterphenyl.80
It is worthy of note here that the terms stick and slip typically
relate to the interaction of a probe molecule with a surrounding
solvent and as such must be treated as effective terms when
discussing pure liquids. The origin of f-SED phenomena arises
from a decoupling of rotational motion of molecules from the
macroscopic viscosity, which has been observed in pure HF25
and is reported here for pure NMA and Ac. As such, the terms
stick and slip are used to describe the dynamics of a population
of the sample molecules that are rotating at a greater rate than
the viscosity would seem to allow. This behavior in a hydrogenbonded liquid can be explained by reference to a two state
model,90 similar to that applied effectively to water, in which
the low energy state is characterized by directional hydrogenbond interactions and the “excited” state by a lack of short to
medium range order. As the temperature is reduced, the tendency
to form locally ordered hydrogen-bonded structures increases
leading to cluster formation. These clusters increase monotonically in size with decreasing temperature. In the case of NMA,
this is exacerbated by cooperative effects, which encourage chain
formation. Eventually the local heterogeneity increases to the
point where a crossover to f-SED dynamics occurs. In light of
this, it is not surprising that a similar effect is observed for Ac
but not DMA. The involvement of hydrogen bonding is given
further weight by the observation that, in the high-temperature
(stick) regime, the Arrhenius activation energy of NMA
corresponds to around 12.5 kJ mol-1, which is close to the
estimated strength of a hydrogen bond.
An implication of this is that the observed OHD-OKE
relaxation arises from NMA molecules not involved in the
formation of hydrogen-bonded chains and that there should be
a contribution to the OHD-OKE signal from the relaxation
dynamics of the chains, which would be expected to be
significantly slower. It is thus necessary at this point to discuss
the time scale of the experiments in comparison to the dynamics
observed. The data for all samples were recorded and analyzed
over pump-probe time delays of 30 ps, a value limited by the
experimental arrangement and signal-to-noise ratios and as such,
it must be considered whether this time scale has any direct
effect upon the observed dynamics. As mentioned above, the
OHD-OKE method has been widely used for studying the
dynamics of liquid-phase systems and the fitting of the observed
decay profiles to single or biexponential decay functions has
been proved to be a useful approach to quantifying reorientational behavior, provided that each sample is subject to the same
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time-window for analysis, as is the case here.43-46 Further, there
exists no evidence that f-SED dynamics are observed as a result
of experimental timescales that are comparable to the dynamics
being studied. The above hypothesis is that the f-SED dynamics
of NMA has its roots in heterogeneities in the liquid arising
from the formation of hydrogen-bonded chains and as such, it
would be expected that if the experiments were capable of being
extended to longer timescales then a slower component would
be observed arising from the relaxation of these chains. Such
dynamics have been observed in polymers and liquid crystals,58,62,91 however work on polymer systems has shown that
such signals are often weak52 in comparison to faster relaxation
phenomena and at present are beyond the scope of the present
spectrometer. Work is underway to address this, and it is
anticipated that these data will form the basis of a future
publication.
In light of these results, it is interesting to look in more detail
at the data contained in Table 1. Taking the three amides as a
group, it is clear that the melting temperatures, boiling temperatures, and heats of vaporization show the expected trend,
increasing as the amount of intermolecular hydrogen bonding
increases. Similarly, the activation energy obtained from the
Arrhenius analysis increases with increasing hydrogen-bonding
potential, but only if the high-temperature regime is used for
the fitting. This is as would be expected if the trends in the
rotational-diffusive times for Ac and NMA are caused by a
transition to fractional SED behavior. In the high-temperature
regime, the rotational dynamics are closely coupled to the
viscosity giving a realistic value of Ea. Further, the fact that the
value obtained for Ac is approximately double that of NMA
mirrors the trends in the number of hydrogen bonds that each
can form.
Looking at the data obtained for the acids studied, the fact
that the two acids have similar melting points is as might be
expected given their structural similarity. The heat of vaporization of DCA is unavailable, but given the close relationship
between this and the melting point for both the amides and
AcOH, it can be confidently predicted to be lower than that of
AcOH. That no significant change in the structure of the acids
is observed, accounts for the single-Arrhenius behavior of both
liquids and the adherence to hydrodynamic predictions. This is
in contrast to NMA and Ac, implying that the structure of the
hydrogen bonded amides is disrupted at elevated temperatures.
Finally, it is interesting to speculate on whether such f-SED
phenomena might be expected in other systems. The requirements, based upon the above results would seem to be the
capability to form clusters or chains through locally ordered
structures, which give rise to the inhomogeneity necessary for
f-SED to occur. As such, this may be anticipated in the majority
of hydrogen-bonding systems, including water. However, the
temperature of the f-SED transition may not necessarily lie far
from a glass or gel-transition point, making observation
experimentally more difficult.
4. Conclusions
The high temperature behavior of the rotational-diffusive
dynamics of NMA has been studied as a function of temperature
close to a previously observed transition point.16 It has been
established through measurements of the shear viscosity and
heat flow via DSC experiments that the behavior is not due to
a liquid-liquid phase transition but to a crossover transition to
fractional Stokes-Einstein-Debye behavior at low-temperature
caused by local heterogeneities in the liquid arising from the
formation of hydrogen-bonded chains. This leads to the decou-
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pling of the rotational relaxation time from the shear viscosity,
an effect not previously observed in a pure room-temperature
liquid. Similar behavior has been observed for Ac but not for
the non-hydrogen-bonding DMA.
The study has been extended to AcOH and DCA to determine
whether these hydrogen-bonded liquids behave in a similar
manner. In both cases, simple hydrodynamic, Arrhenius behavior
was observed for both liquids. Changes to the terahertz Raman
spectra of DCA were observed, which were consistent with
previous studies indicating that these molecules exist as an
equilibrium between linear and cyclic dimer states. This
equilibrium does not favor chain formation and results in normal,
hydrodynamic behavior, in contrast to the hydrogen bonding
amides.
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