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Structural relaxation in the peptide model N-methylacetamide �NMA� is studied experimentally by
ultrafast optical Kerr effect spectroscopy over the normal-liquid temperature range and compared to
the relaxation measured in water at room temperature. It is seen that in both hydrogen-bonding
liquids, � relaxation is present, and in each case, it is found that this can be described by the
Cole–Cole function. For NMA in this temperature range, the � and � relaxations are each found to
have an Arrhenius temperature dependence with indistinguishable activation energies. It is known
that the variations on the Debye function, including the Cole–Cole function, are unphysical, and we
introduce two general modifications: One allows for the initial rise of the function, determined by
the librational frequencies, and the second allows the function to be terminated in the �
relaxation. © 2008 American Institute of Physics. �DOI: 10.1063/1.2897432�

INTRODUCTION

Collectively referred to as structural relaxation, the
lowest-frequency modes observed in the spectra of molecular
liquids are the strongly overdamped modes, which arise from
molecular interactions and which reflect diffusive molecular
reorientations involving the formation and breaking of weak
intermolecular bonds. The study of relaxation can therefore
yield insight into the time scale and degree of intermolecular
bonding. In early studies, structural relaxation was often ana-
lyzed in terms of simple Debye functions �exponential de-
cays in the time domain�. However, improvements in sensi-
tivity and bandwidth have enabled greater accuracy in
analyses and the identification of more complex behavior,
particularly in associating liquids, such as those capable of
intermolecular hydrogen bonding as well as in supercooled
and glass-forming liquids.

Structural relaxation is bounded at high frequencies by
librational modes, which typically occur in the terahertz re-
gion, and at low frequencies by � relaxation modes. Addi-
tional relaxation modes observed at higher frequencies than
� relaxation are known as intermediate, secondary, or � re-
laxations, and their origins are diverse and often less clear.
Here, we measure the optical Kerr effect �OKE� response of
the biologically important hydrogen-bonding molecule
N-methylacetamide �NMA�. While we show that previous
suggestions that NMA has an anomalous temperature depen-
dence of hydrogen bonding1,2 are incorrect, we resolve � and
� relaxations, which appear indicative of the degree of hy-
drogen bonding and relate this behavior to the relaxation
decay measured in water.

Relaxation in liquids has been studied experimentally by
a wide range of diffraction, scattering, and absorption tech-
niques. Dielectric relaxation spectroscopy �DRS� has been
widely applied, particularly to slower systems, such as glass-

forming liquids,3 but also to hydrogen-bonding liquids.4,5

DRS is effective over many decades of frequencies up to
about 100 GHz above which terahertz and far-infrared ab-
sorption spectroscopy must be used to extend the range.5,6

OKE spectroscopy,7–10 which we use here, is to some extent
a complementary technique offering good sensitivity up to
about 10 THz from the subgigahertz region in a single mea-
surement. OKE has previously been used to measure relax-
ation in many applications, including simple liquids,9,11 ionic
liquids,12,13 solutions of peptides,8,14 hydrogen-bonding
liquids,2,15–18 and supercooled and glass-forming liquids.19–22

Many models have been applied to relaxation in liquids.
In the simplest cases, for example, rotational relaxation of
simple spheroids, relaxation can be modeled as a single De-
bye function 1 / �1+ i���.23 For rigid molecules of low sym-
metry, the general case for rotational relaxation measured
through four-wave mixing has been shown to be equivalent
to the sum of five Debye functions.23,24 However, since the
polarizability tensor typically contains few nonzero ele-
ments, and mild asymmetry appears not to have a strong
influence on diffusional rates, most molecular relaxation can
be described considerably more simply than this. In practice,
simple models of relaxation have been applied to a surpris-
ingly wide range of liquids.

However, for more complex systems, particularly
strongly associating liquids, relaxation modes that cannot be
fitted by a simple Debye function are observed. In these
cases, functions such as Cole–Cole,25,26

Cole–Davidson,4,22,27 and Havriliak–Negami28 �in the fre-
quency domain� or Kohlrausch–Williams–Watts21,29,30

�KWW� �in the time domain� have been employed. These
functions were originally introduced as empirical fitting
models but have since been shown to be consistent with
theoretical models of diffusion.31,32 They can each be seen as
a broadening of the Debye function, as would arise from a
superposition of Debye processes due to heterogeneity of a
liquid. Alternatively, the KWW function has been interpreteda�Electronic mail: david.turton@phys.strath.ac.uk.
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as a slowing of relaxation due to a transition from single
molecule to cooperative motion.30 Although the KWW and
Cole–Cole functions are quite similar, for glass-forming liq-
uids the KWW is widely found to be a good model of the �
relaxation, whereas the Cole–Cole function is more often
applied to � relaxations.

Even in the study of simple liquids,33,34 for example,
symmetrical tops, where orientational relaxation is expected
to yield a single-exponential decay, double-exponential de-
cays are observed. The origin of the faster intermediate or �
relaxation is generally assigned to interaction- or collision-
induced effects.33–35 For unstructured liquids where the inter-
mediate decay appears exponential, it has been interpreted in
the context of the Kubo theory as arising from “motional
narrowing.”10,18,36 Even in monoatomic liquids, where orien-
tational relaxation is absent, an �interaction-induced� relax-
ation signal is still observed.35

In supercooled liquids, � relaxations37 have been studied
widely and assigned to the correlation of short-range trans-
lational motions within a transient “cage” of neighboring
particles, which is clearly similar to the interaction-induced
behavior observed in simple liquids. In this picture � relax-
ation is then the complete decay of correlations as the cage
breaks up. The � and � relaxations are often readily sepa-
rated due to the emergence of different temperature depen-
dences below the melting point, whereas these might merge
and become indistinguishable at higher temperatures.26 This
type of behavior has been investigated within the framework
of mode coupling theory �MCT�.19,21,38

Like water, NMA is a hydrogen-bonding liquid of great
biophysical importance and has been studied intensively both
experimentally and theoretically.1,2,39,40 NMA is essentially a
single peptide linkage, terminated by a pair of methyl
groups, which adopts the trans conformation overwhelm-
ingly favored in proteins. It is therefore a useful elementary
protein-model system. The dipole moment of the HN–CO
moiety enables hydrogen bonding and the formation of
chains,41–43 and it has recently been suggested that the pres-
ence of this higher structure in the pure liquid results in
unusual properties, including a non-Arrhenius temperature
dependence of the structural relaxation.1,2

EXPERIMENT

Our basic OKE setup has been described previously.8

For this experiment, 800 nm wavelength pulses with an en-
ergy of 8 nJ at a repetition rate of 76 MHz were generated by
a Coherent Mira-Seed oscillator. After precompensation, for
group-velocity dispersion in the setup, in a homosil prism
pair, the beam was split into �90%� pump and �10%� probe
beams, which were cofocused by a 10 cm focal length ach-
romatic lens into the sample contained in a 2 mm path length
quartz cuvette. The autocorrelation function measured at the
sample position in a quartz plate corresponded to a 24 fs �full
width at half maximum �FWHM�� scch2 pulse duration. The
induced change in polarization of the probe beam was ana-
lyzed by the combination of a quarterwave plate, a Wollaston
prism, and an amplified balanced photodiode detector. The
variable pump-probe time delay was introduced by a single

250 mm optical delay line with a resolution of 500 nm
�3.3 fs�. For the relaxation measurements, the step size at
delays up to 0.5 ps was 50 fs, thereafter logarithmically in-
creasing to give a total of approximately 250 points. For each
trace, an average of at least 16 complete scans were taken,
and before analysis the signals were resampled �by linear
interpolation� to a linear time scale. Additional data were
taken at a 5 fs resolution to measure the librational modes at
room temperature.

An accurate estimate of the baseline is essential to ana-
lyze the decay function at longer times, and for each scan,
10 ps of baseline signal was measured before time zero. The
baseline throughout the measurement must also be flat, and
for this reason, both pump and probe beams were mechani-
cally chopped at rates of about 5 kHz in the ratio of 5:7 with
lock-in demodulation at the difference frequency. The double
chopper considerably attenuates the signal but minimizes any
spurious signals due to pump light reaching the detector via
scattering from the sample and Fresnel reflections at the
sample windows. Chopping the probe can result in large
transient out-of-balance signals when using balanced detec-
tion. To minimize this, each chopper was placed at the focus
of a 1:1 �f =16 cm� telescope. In this configuration, the pulse
duration after precompression increased to �35 fs.

An anaerobic 2 mm fused quartz cuvette �Starna Opti-
glass� was rinsed with filtered methanol and then dried under
vacuum. NMA as supplied by Sigma-Aldrich at �99% pu-
rity was centrifugally filtered �0.1 �m Millipore� then added
to the cuvette. The cuvette was evacuated to approximately
1.5 torr, and the temperature increased with gentle agitation
to de-gas the sample. Once the liquid was stable, the tem-
perature was increased until gentle refluxing was seen �ap-
proximately 80 °C� where it was held for 15 min to dry the
sample. The cuvette was then sealed.

To control the sample temperature, the cuvette was en-
closed in a close-fitting copper block. A pair of low-voltage
electrical heaters attached to the sides of the block were
driven by a pulse-width-modulated temperature controller
with a platinum resistance sensor attached directly to the
cuvette, close to the illuminated area, to provide temperature
feedback. Calibration confirmed the accuracy to be within
the 0.1 K precision of the controller.

RESULTS AND DISCUSSION

NMA is a normal liquid between approximately 300 and
480 K. The OKE signal was measured at nine temperatures
in this range, as shown �displayed on logarithmic axes� in
Fig. 1. The time-domain signal represents the convolution of
the autocorrelation with the derivative over time of the two-
point time-correlation function of the anisotropic part of the
polarizability tensor. The deconvoluted Fourier transform of
this signal is equivalent to the depolarized Raman spectrum
corrected by the Bose–Einstein population factor.34,44,45 At
the lower temperatures, several cycles of oscillation due to a
superposition of librational modes can be seen up to 1 ps.
After this, the decay is monotonic through the intermediate
region. Then, at the longest times, � relaxation becomes
apparent.
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MCT describes the correlation of density-density fluc-
tuations and is particularly appropriate for liquids below the
melting point, giving insight into the dynamics as the critical
temperature, related to the glass temperature, is approached.
However, the MCT framework has also been applied to liq-
uids above the melting point, suggesting that MCT is a more
general model of liquid behavior.46,47 The practical function
derived from MCT,48

S�t� = �pt−z + dtb−1�exp�− t/��� , �1�

has been found to be a good model of the OKE decay when
applied to organic liquids in the normal liquid to moderately
supercooled temperature region as well as ionic liquids and
liquid crystals.12,49 Here, the power law pt−z describes the �
relaxation and the exponential term accounts for the � relax-
ation. The term dtb−1 is the “von Schweidler power law”
added to represent the “transition” from � to � relaxation.
For more complex decays, the number of power-law terms is
increased. A crucial aspect of the MCT model is that z and b
are temperature independent and the temperature dependence
of the decay arises from the change in the amplitudes p and
d. This model, with three power laws, was applied to the
data, but a satisfactory fit was not achieved. Specifically, the
fitted value for b increased with temperature, giving values
greater than 1, which appears to be physically meaningless.
An alternative model was therefore sought.

At lower temperatures, the intermediate part of the decay
is clearly nonexponential, so multiple exponential models
were discarded in favor of KWW and Havriliak–Negami
functions. The time-domain KWW function is a “stretched”
exponential,

SKWW�t� = exp�− �t/���� , �2�

and the Cole–Cole, Cole–Davidson, and Debye functions are
special cases �with reduced parameters� of the Havriliak–
Negami function

SHN��� =
1

�1 + �i������ . �3�

The Cole–Cole function results when �=1,

SCC��� =
1

1 + �i���� , �4�

the Cole–Davidson when �=1, and the Debye when �=�
=1. The Fourier transform of the Cole–Davidson function
can be written as

SCD�t� = �2�
t�−1e−t/�

������ , �5�

where it can be seen that the MCT model, expressed as Eq.
�1�, is also a reduced form of the double-Havriliak-Negami
function equivalent to the sum of two Cole–Davidson func-
tions constrained by a common exponential term and with
�1=1−z and �2=b. For comparison, the time derivative of
the KWW as fitted to OKE data can be written as

dSKWW�t�
dt

= �
t�−1e−�t/���

�� . �6�

This expression is not equivalent to a Havriliak–Negami
function but behaves, in many cases, very similarly to the
Cole–Cole function.50 Neither the KWW nor the Cole–Cole
function has an analytical Fourier transform.

With respect to the Debye function �exponential decay�,
the effect of each exponent is to broaden the function in the
frequency domain. In certain MCT studies,47 a relaxation
decay has been modeled as a �nearly� logarithmic decay
�z�1�, and we note that both the Cole–Cole and Cole–
Davidson functions give a logarithmic decay in the limit of
the exponent approaching zero. The Cole–Cole function has
been applied previously to relaxation in complex
liquids.25,26,32,51,52

Given the similarities of these functions and the com-
plexity of the decay measured for NMA, it is probably im-
possible to define a unique model. However, the simplest fit
that described the relaxation over the measured temperature
range was found to be the sum of a Cole–Cole function for
the intermediate decay and a Debye function accounting for
the � relaxation at the longest delay times. However, when
the librational period before 1 ps was analyzed, it was found
that an additional fast overdamped response was present, and
this appears close to a temperature-independent Debye func-
tion. No practical time-domain form of the Cole–Cole func-
tion exists, so the fit function was generated entirely in the
frequency domain and then numerically transformed to the
time domain for fitting to the data.

With respect to the Debye function, the Cole–Cole is
broadened �symmetrically on a logarithmic frequency scale�,
which slows the decay on long time scales �similar to the
decay of the KWW function�. A limitation of frequency-

FIG. 1. �Color online� Log-log plot of the time-domain OKE signal decay
for NMA. All signals have been normalized to the signal peak at zero delay.
The inset details the decay at 300 K on a log-linear scale, showing that after
100 ps it follows a simple exponential decay �dashed line�.
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domain models employing multiple Havriliak–Negami
modes �including Cole–Cole, Cole–Davidson, and Debye
modes� is that the total relaxation process is modeled as a
sum of these modes—as if these modes are completely inde-
pendent of each other. However, if the Cole–Cole �or KWW�
function is used to represent � relaxation, the slow tail will
tend to become slower than the � relaxation, which would be
unphysical.

The solution to this is provided by studies of � relax-
ations in glass-forming liquids, which show that relaxation,
to some extent, consists of sequential processes; specifically,
� relaxation gives way to, and is then terminated by, the
complete structural � relaxation. In the MCT model of Eq.
�1�, this is taken into account by multiplying each power law
with the exponential decay representing the � relaxation. We
have therefore introduced a modification to the Cole-Cole
function �see Appendix� by taking the time-domain product
with the � relaxation function �although performed in the
frequency domain�. We refer to this as the � termination.
This modification allows the relaxation signal to evolve into
a pure Debye function, and this improves the fit at the
longest times.

In an analogous process, the relaxation initially evolves
from the anisotropic state created from the superposition of
librational fluctuations driven by the envelope of the pump
pulse. The relaxation function must therefore include a rise
time that will be related to the frequency of the librational
modes. This effectively imposes an upper boundary on the
relaxation rate �and spectrum� in the same way that the �
termination imposes a lower boundary. Although the Debye
function has been used very widely, it is unphysical in this
respect as it rises instantaneously at t=0 and, in the fre-
quency domain, decays too slowly at high frequency. The
Cole–Cole function can be considered worse in this respect
due to the broadening, and, for this reason, stochastic models
have been favored. This limitation of the Debye function is
well known, and in time-domain OKE studies,11,16,53 it has
been overcome empirically by subtracting a fast exponential
decay representing the inertial rise time. This is most conve-
niently achieved by taking the product of the relaxation with
the function

1 − exp�− 	libt� , �7�

where 	lib is the initial rate of the rise determined by the
librational frequencies.

For a frequency-domain function S��� �where S is, e.g.,
a Debye or Cole–Cole function�, this inertial response can be
included in the frequency domain �see the Appendix� as

S���� = S��� − S�� + i	lib� , �8�

and in the fit, the � relaxation was modeled by this expres-
sion with S as a Debye function. The � relaxations are then
modeled by modifying the Cole–Cole function to

S���� = SCC�� + i/��� − SCC�� + i/�� + i	lib� , �9�

which incorporates the � termination. Written in full, this is

S���� =
1

1 + �i�� + �/���� −
1

1 + �i�� + �/�� + 	lib��� .

�10�

The fast and intermediate decays were modeled by this
function.

The initial part of the relaxation decay has strong super-
imposed librational modes, so a reasonable model of these is
essential for an accurate fit to the relaxation modes. For OKE
studies, the Brownian oscillator has been shown to be an
accurate model of librations8,44 and can be written as

SB��� = �0
2/��0

2 − ��� + i	�� . �11�

Here, �0 and 	 are angular frequencies representing the un-
damped oscillator frequency and the damping rate, respec-
tively. Critical damping appears at 	�2�0, and in the limit
of 	
�0 the response reproduces the Debye function. A
high-resolution spectrum was taken at 300 K �Fig. 2�, allow-
ing the fitting of the libration modes up to almost 30 THz
�1000 cm−1�.

The fit function was created in the frequency domain
starting with an assumed laser pulse temporal profile of
I�t�=sech2��t−�t� /��. The frequency-domain autocorrela-
tion of this �normalized by area� is

AC��� = a2��2 cosech2�a��/2�exp�i��t� . �12�

From this, the convoluted fit function was formed by
taking its product with the sum of the three relaxation modes,
nine librational modes, and an amplitude parameter repre-
senting the instantaneous �hyperpolarizability� response. The
Fourier transform of the convolution was then fitted to the
OKE data by a Levenberg–Marquardt nonlinear least-squares
algorithm. For the underdamped modes, the initial values for
the fit were taken from Ref. 39. These and the parameters
returned from the fit are shown in Table I.

FIG. 2. �Color online� High-resolution OKE data for NMA at 300 K shown
up to 2.5 ps on a log-log plot and �inset� up to 0.25 ps on a linear plot. The
fit is mostly indistinguishable from the data. The �fitted�
sech2-autocorrelation function is shown in both plots as a dashed curve. The
fit parameters are given in Table I.
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The exponential term, including �t, in Eq. �12� allows
for the offset in time between it and the data to be corrected.
Although the peak around zero time is predominantly due to
the hyperpolarizability response, there is a significant contri-
bution from the nuclear response, and neglecting this delay
results in the spectrum becoming negative at higher frequen-
cies. Three parameters in the fit set the amplitude, delay, and
width of the autocorrelation. For the data measured at 300 K,
these were returned as 0.95 and −2.45 fs �with respect to the
peak of the data� with a width that corresponds to a pulse
duration of 24 fs �FWHM�. We find that this process gives
greater accuracy than experimental methods of measuring
the autocorrelation.

The temperature-dependent data and their fits are shown
in Fig. 3. At a 50 fs step size, only the librational modes
below 10 THz contribute to the spectrum. In the liquid
phase, three of these modes and the fast relaxation mode are
overlapped and appear in the data as a broad shoulder, which
cannot be resolved. By reference to the Raman spectrum of

the crystalline phase,39 this band can be assigned to two low-
frequency intramolecular modes �expected to be only weakly
temperature dependent� and two hydrogen-bonding modes.
With increasing temperature, this region softens and shifts
slightly to lower frequency although the large degree of over-
lap means that this cannot be made quantifiable and further-
more makes the fit to the fast relaxation mode unreliable.

At this resolution, the fit is only weakly sensitive to the
inertial rise rate 	, and the value of 14 THz given by the
higher resolution fit was applied as a fixed parameter for the
temperature-dependent data where it gave satisfactory results
throughout. This frequency is naturally higher than the mea-
sured librational frequencies because it represents a rise time
rather than a full period of oscillation; hence, 	lib

�	�0
 /2�. The influence of this modification to the Cole–
Cole function, in the frequency domain, is shown in Fig. 4.

After minimizing the sum of squared residuals, the qual-
ity of the fit was judged by the eye in a logarithmic plot
which, covering several orders of magnitude in both ampli-
tude and time, clearly shows when a simple model is suc-
cessful. Figure 4 also shows the relationship of the three
relaxation functions in the fit to the data for NMA at 360 K.
The short time Cole–Cole function ��2� with an exponent of
0.94 is close to an exponential decay. It was observed that
this fast decay was essentially independent of temperature
and, in order to make the fitting more robust, was held con-
stant. The librational modes that can be assigned to
hydrogen-bonded intermolecular modes are underdamped,
but there is considerable overlap in this region in the liquid
phase, making quantitative fitting impossible. These modes
were found to broaden slightly and shift marginally to lower
frequencies with increasing temperature. With these caveats,
the model gave an accurate fit to the data set over the whole

TABLE I. Parameters returned by the fit to the 300 K data for NMA shown
in Fig. 2 for the modes fitted by nine �f1–9� Brownian oscillators �Eq. �11��.
Values obtained from Raman spectra of crystalline NMA at 25 °C in Ref. 39
are given for comparison.

Modes
A

�a.u.�
	

�THz�
�0

�THz�
�0

�Ref. 39�

f1 521 3.22 2.30 2.31
f2 92.1 1.55 2.60 2.85
f3 135 1.94 3.30 3.63
f4 5.05 1.00 5.92 5.64
f5 7.12 1.10 8.81 8.57
f6 4.56 0.31 13.12 13.10
f7 4.27 1.33 18.09 18.26
f8 4.98 0.31 18.78 18.83
f9 3.02 0.56 26.42 26.47

FIG. 3. �Color online� Temperature-dependent OKE data for NMA and the
fits �dashed lines� as described in the text. All traces except that at 300 K are
vertically offset. The temperatures and relaxation-mode parameters are
given in Table II.

FIG. 4. �Color online� Fit to the 360 K data for NMA shown in the fre-
quency domain. The three relaxation modes are shown as heavy lines ac-
companied by the librational modes, which all peak above 1 THz. The
shaded area shows the difference in the Cole–Cole function �1 due to the
modification to include the rise time and the � termination. The inset com-
pares the three fitted relaxation modes to the data in the time domain.
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temperature range. These fits are shown in Fig. 3 as dashed
curves, and the fit parameters are shown in Table II and Fig.
5 and 6.

The OKE experiment measures the derivative of the
two-point correlation function of the anisotropic part of the
polarizability tensor. For the fundamental ��� relaxation, this
is generally assumed to be due to orientational diffusion, i.e.,
the diffusion of a single molecule under the influence of the
friction of the surrounding molecules. The Stokes–Einstein–
Debye �SED� expression relates the single molecule relax-
ation rate D, for rotational or translational relaxation, to the
�macroscopic� shear viscosity � and the effective molecular
radius R,

Dtrans =
kBT

6��R
, Drot =

kBT

8��R3 . �13�

These expressions are derived for the Brownian motion of a
spherical particle immersed in a viscous homogeneous fluid
but have been successfully applied to many real liquids of
small and moderately sized molecules and hold true for sphe-
roids that yield single-exponential dynamics. For pure rota-
tions, the rate of the decay due to the second rank polariz-
ability tensor is proportional to 6D and hence the single

molecule rotational Debye time constant �proportional to
1 /6Drot� is given by

�r =
Veff�

kBT
+ �r

0, �14�

expressed now as a function of the effective molecular vol-
ume Veff and where �r

0 is the zero-viscosity intercept. OKE
measures �c, the collective rotational Debye time constant,
and this is related through �c=g2�r / j2, where g2 is introduced
as a static pair correlation term and j2 allows for dynamic
angular momentum correlations.9 If these expressions hold
true, then � relaxation as measured by OKE should exhibit
the same temperature dependence as shear viscosity. Viscos-
ity typically obeys the Arrhenius equation �exp�Ea /kBT�
with activation energy Ea. Therefore, if the SED relation
holds for this system, the time constant measured by OKE
should also have an Arrhenius temperature dependence de-
scribed by

�c�T� =
A

T
exp� Ea

kBT
� . �15�

This is found to be the rule for most liquids at temperatures
well above the glass transition.

The temperature dependence of the time constants for
the Debye � relaxation ���� and the Cole–Cole � relaxation
���1� obtained from the fits are shown in Fig. 6 along with
the results of fitting by Eq. �15�. Over this temperature range
�we have not succeeded in significantly supercooling NMA�,
a normal Arrhenius behavior is seen in both time constants
although there is significantly more scatter in the data for
���1�, which is presumed to be due to the overlap of this
mode with the higher-frequency modes. The measured acti-
vation energy �Ea /kB� for the � relaxation is �2470�40� K
�Ea=0.2 eV�. A line representing this activation energy is
also drawn through the data for ���1�, which demonstrates
that the activation energies are indistinguishable within the
scatter in ���1�.

TABLE II. Parameters for the fits shown in Fig. 3 A��1�, ���1�, and ���1�
refer to the intermediate Cole–Cole relaxation; A��� and ���� the Debye �
relaxation. The fast relaxation was held fixed with ���2�=0.3 ps and
���2�=0.94, and the inertial rise was fixed at 	=14 THz. The librational
modes cannot be fitted quantitatively.

T
�K�

A��1�
�a.u.� ���1�

���1�
�ps�

A���
�a.u.�

����
�ps�

300 30.1 0.58 27.9 32.7 183
320 28.0 0.58 12.9 29.9 105
340 28.8 0.57 9.93 23.7 60.5
360 28.3 0.59 6.83 19.6 38.2
380 26.7 0.6 4.51 17.4 25.5
400 25.8 0.62 3.02 15.0 17.6
420 23.0 0.65 1.86 13.4 12.1
440 20.9 0.7 1.50 12.1 8.72
470 18.5 0.72 1.38 9.02 6.21

FIG. 5. �Color online� Parameters for the fits shown in Fig. 3. A��1� and
���1� refer to the amplitude and Cole–Cole exponent for the intermediate �
relaxation, and A��� is the amplitude of the Debye � relaxation.

FIG. 6. The temperature dependence of the time constants for the � relax-
ation, ����, and the intermediate � relaxation, ���1�. The data for ���� are
fitted by an Arrhenius dependency �Eq. �15��, while a line of the same
activation energy is drawn through the data for ���1�.
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In previous OKE studies,1,2 it has been suggested that
NMA exhibits a non-Arrhenius temperature dependence of
the � relaxation due to an anomalous temperature depen-
dence of the hydrogen-bonded chain length. However, in
those cases, a simple double-exponential model was fitted to
the decay, which was measured over a fixed range of only
25 ps. This range is clearly too short to resolve the � relax-
ation at lower temperatures and the effect of this is that, as
Fig. 1 shows, at lower temperature it would be the � relax-
ation modes that contribute to the fit more than the � relax-
ation. Studies of near-infrared absorption in NMA �Ref. 54�
are consistent with a continuous distribution of chain lengths,
and there appear to be no anomalous relaxation dynamics.

A rheological measurement2 of shear viscosity over the
temperature range of approximately 350–420 K also ob-
serves a normal Arrhenius temperature dependence with an
activation energy of 1500 K. This is significantly lower than
our measured value, but there is considerable scatter in the
viscosity data at higher temperature. Low-frequency DRS
measurements of the � relaxation taken from 305 to 360 K
put the value higher at �3200 K.42 However, viscosity data55

taken more recently over the range of 293–318 K yield an
activation energy of 2540 K, which is in good agreement
with our value.

The Arrhenius dependence implies a coupling between
shear viscosity and the collective relaxation measured by
OKE spectroscopy. Equation �14� then allows a value for the
effective molecular volume to be calculated. From the litera-
ture values for viscosities55 with the fit to the relaxation data,
a value of 180 Å3 can be calculated. This is 40% higher than
the 128 Å3 calculated simply from the liquid density56 �at the
melting point� of 0.946 g cm−3 but lower than the crystalline
unit cell volume, measured by neutron diffraction, of ap-
proximately 460 Å3.57

Simple liquids often display Debye relaxation modes but
structured liquids such as NMA and water are likely to be
inhomogeneous. The higher structure of water is much de-
bated, but there is a strong consensus that a range of cluster
sizes exist and that an individual water molecule experiences
a fluctuating range of environments with differing degrees of
hydrogen bonding. Similarly, NMA forms chains in the pure
liquid with a temperature-dependent range of lengths. The
effect of the exponent in the Cole–Cole function is to
broaden the Debye function �symmetrically on a logarithmic
frequency axis�, and this can be interpreted as inhomogeneity
in the hydrogen-bonding environment. In Fig. 5, the Cole–
Cole exponent for the � relaxation can be seen to rise some-
what as temperature increases, suggesting a reduction in the
inhomogeneity consistent with a reduction in the extent of
hydrogen bonding. However, the change is small and is again
subject to the uncertainty in the higher-frequency modes.

For water, it is well known that hydrogen bonding results
in a structure that, to a first order, is tetrahedral although the
extended structure is still debated. The model of relaxation is
informative on the extent of structuring and, for water, has
been studied in both time and frequency domains.17,18,21,51,58

In time-domain studies, the double-exponential model has
generally been used, but with poor agreement in the mea-

sured parameters. A superior fit in the time domain has been
shown for the KWW function21 and, in the frequency do-
main, for the Cole–Cole function.51

Despite the extensive study of water, the origin of the
measured decay signals is still unclear. Dielectric and infra-
red spectroscopies measure the same properties as OKE and
Raman spectroscopies but with essential differences: The
former interact through the total dipole moment and measure
the first rank ��=1� orientational relaxation rate, whereas
OKE and Raman scattering experiments measure the
polarizability-polarizability correlation function and, there-
fore, the second rank ��=2� orientational relaxation rate,
which appears three times faster.59 In addition, water has a
near-isotropic polarizability tensor.60 Therefore the intermo-
lecular contribution arises predominantly from interaction-
induced effects due to translational motions of hydrogen-
bonded water molecules rather than from rotational
motions.61 The rotational contribution to the OKE relaxation
signal is then extremely weak, and, for water, the OKE signal
is almost complementary to that of DRS.62 In Ref. 5 the DRS
spectrum for water at 298 K is fitted by the sum of two
Debye functions with time constants of 8.4 ps for the � re-
laxation and 1.1 ps for an intermediate � relaxation mode
that is very weak and at the extreme of the frequency range.
As the polarizability of water is low, the relaxation can be
measured over only a few orders of magnitude in our OKE
setup; the decay to 10 ps at room temperature is shown in
Fig. 7. The relaxational part of this data can be fitted by a
single Cole–Cole function with ��=0.61 ps and ��=0.86
�with 	lib=12 THz�. This time scale is similar to that of the �
relaxation measured in DRS, and we draw the conclusion
that the relaxation measured in water by OKE is a � relax-
ation, which is accompanied by an unmeasurable �
relaxation.

FIG. 7. �Color online� OKE signal for water and the fit of the sum of a
Cole–Cole function and five Brownian oscillators �solid and dashed lines,
where the dashed refers to the fit that includes the � termination�. The inset
is the frequency-domain representation including the fit �dashed� that in-
cludes the � termination. The fit has also been decomposed to show the
�-relaxation mode and the first two Brownian oscillators f1 and f2. The
shaded part shows the modification to the Cole–Cole function by the inertial
rise and � termination. The fit parameters are given in Table III.
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Consequently, although the � relaxation is not apparent
in the OKE data, it must still be present as a termination to
the � relaxation. Therefore, the data were refitted, with Eq.
�10� representing the � relaxation with the value of 2.8 ps
�8.4 ps /3� for ��. The parameters for both these fits are given
in TABLE III, and they are shown in the time domain in Fig.
7 where the difference can be seen at times greater than 4 ps.
The modified function has parameters of ��=1.0 ps and ��

=0.84. The modified fit is poorer here, but this may be a
shortcoming of the data. The signal-to-noise ratio of the data
is clearly inadequate to prove the difference in these models
and whether or not the � relaxation is actually detectable;
future work with an amplified-laser setup will attempt to
resolve these issues.

CONCLUSION

In addition to the structural � relaxation, the OKE data
for NMA at temperatures above the melting point show a
clear secondary � relaxation and a subpicosecond
temperature-independent decay. For the general case, rota-
tional relaxation decays measured by four-wave-mixing ex-
periments are given by five-exponential decays in the time
domain. However, the presence of symmetry elements results
in considerable simplifications, and one- or two-exponential
decays are commonly measured. Non-Johari–Goldstein sec-
ondary relaxation modes can arise from intramolecular rota-
tions and librations but, although NMA contains a single
bonded C–N link in the backbone, it is well known that in
the peptide linkage, rotation is severely restricted by delocal-
ization of the �double� carbonyl bond, which renders the
molecule planar. This is particularly true for methyl-
substituted acetamides such as NMA, even at elevated
temperatures.41,63 The barrier to the rotation of the methyl
groups is relatively small, but this mode is not significant
here. Therefore, NMA is effectively a rigid molecule and,
ignoring hydrogens, is planar with the trans conformation of

the O=C–N–H moiety favored thermodynamically by ap-
proximately 10 kJ mol−1 over the cis.64 This is confirmed in
the liquid phase at room temperature by spectroscopic stud-
ies of the amide-I band.39 In similar amides, the polarizabil-
ity ellipsoid is dominated by the double bond delocalized
across the N–C–O moiety and is oriented with the major axis
approximately perpendicular to the plane.65,66 The molecule
is then, to a first approximation, an oblate top. The lowest
energy internal �deformation� modes are calculated to occur
at above 1.5 THz,66 so the observed secondary relaxation
then involves the whole molecule and satisfies the funda-
mental Johari–Goldstein definition of � relaxation. However,
without supercooling the liquid or studying the pressure de-
pendence of the � relaxation, we cannot say if it satisfies the
full criteria of a true Johari–Goldstein � relaxation, but the
measured relaxation appears to be a genuine intermolecular
process. An additional � relaxation at higher frequencies is
unresolved from the librational modes and cannot be accu-
rately analyzed.

� relaxation is normally associated with a glasslike be-
havior in the Johari–Goldstein model where it is related to
the formation of transient cages in the �supercooled� liquid.
Although, at these temperatures, the � relaxation appears as
a simple Debye function, the � relaxation is well described
by the Cole–Cole function. The Cole–Cole function was in-
troduced as an empirical function to describe a complex be-
havior, but it has since been derived from fundamental mod-
els of diffusion and shown to be consistent with MCT as a
model of � relaxation.31,32 We employ it as a simple model
that accurately describes the data and whose parameters can
be related to the physical properties of the liquid with respect
to its structure. The difference in the temperature dependence
of the amplitude compared to that of the � relaxation is
consistent with the presence of two separate relaxation
modes.

The simple models derived from the Debye function are
unphysical at short times. This shortcoming has previously
been corrected by including a libration-dependent rise func-
tion in the time domain; we show how this modification can
be introduced in the frequency domain in a quite general
way.

We also consider the termination of the � relaxation by
the � relaxation, which must occur if, for example, the �
relaxation is a cage-constrained mode and the � relaxation is
the complete decay of structural correlation involving the
breakup of the cage. This process arises naturally in stochas-
tic models of diffusion such as in the MCT framework; we
show for the first time how it can be included in these simple
analytical models.

Given the complexity of the OKE response for NMA
and the similar behavior of the existing functions used to
model relaxation in liquids, it is not possible to present a
definitive model for the relaxation. Rather, a simple model of
the intramolecular relaxation is applied here consisting of a �
relaxation, which is an activated process such as a cage-
constrained translational motion, which gives way to an �
relaxation representing the lifetime of the cage.

For water, the measured relaxation is shown to be con-
sistent with the higher frequency of the two modes measured

TABLE III. Parameters for the fit to water shown in Fig. 7. � is the relax-
ation mode modeled as a Cole–Cole function and f1– fs are the Brownian
oscillators �Eq. �11�� representing the librational modes. The fitted rise time
parameter 	lib=12 THz. The parameters with a prime superscript refer to the
alternative fit where the � termination is included. 10 THz is close to the
upper limit of the spectrum, and the parameters for the librational modes
f3– fs are approximate.

Mode
A

�a.u.� �
�

�ps�

� 9.78 0.86 0.61
�� 12.5 0.86 1.01

A
�a.u.�

	
�THz�

�0

�THz�
�0

�cm−1�

f1 219 3.62 2.19 73
f1� 236 3.81 2.21 74
f2 129 5.31 5.72 191
f2� 126 5.26 5.73 191
f3 2.3 3.3 11.4 460
f4 13 5.8 14 640
f5 27 12 21 700
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by DRS. The relaxation measured in water by OKE is then
seen to be � relaxation rather than �rotational� � relaxation
and can be fitted by a Cole–Cole function as can the � re-
laxation mode in NMA.
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APPENDIX: MODIFICATION OF FREQUENCY-DOMAIN
RELAXATION FUNCTIONS TO INCLUDE THE
INERTIAL RISE AND � TERMINATION

The Debye function is widely applied as a model of
molecular relaxation, but it is unphysical. In the time do-
main, it does not start at a value of zero at t=0. Therefore, in
the frequency domain, it decays too slowly toward high fre-
quency. Thus, in time-domain OKE studies, a modified De-
bye function has been used,11,16,53which includes a rise func-
tion in the form

D��t� = ��t�
2�

�
e−t/��1 − e−	t� �A1�

or, alternatively,

D��t� = ��t�
2�

�
�e−t/� − e−	�t� , �A2�

which is identical to Eq. �A1�, except for a small parameter
transformation in 	.

A frequency-domain transformation of Eq. �A2� has
been presented, but the equivalent for the Cole–Cole func-
tion was not found.67 The analytical Fourier transform can be
made for Eq. �A1�,

D���� = D��� − D�� + i	� , �A3�

but not for the Cole–Cole function as no practical time-
domain form is available. Here, we give a general solution
for both the rise function and the � termination in the fre-
quency domain. For a time-domain function f�t�, the Fourier
transform is defined as

f��� = �2��−1 dtf�t�e+i�t, �A4�

and for a causal function, we can write

f��� = �2��−1
−�

�

dt��t�f�t�e+i�t, �A5�

where ��t� is the Heaviside function or, equivalently,

f��� = �2��−1
0

�

dtf�t�e+i�t. �A6�

To then modify the function by adding an � termination, we
take the product f�t�e−t/��. Hence,

f��� = �2��−1
0

�

dtf�t�e−t/��e+i�t

= �2��−1
0

�

dtf�t�e+i��+i/���t = f�� + i/��� . �A7�

This expression is general and can be applied even to
functions, such as the Cole–Cole, that do not have an ana-
lytical Fourier transform. Similarly, the inertial rise can be
included by multiplying with 1−e−	libt. The Fourier trans-
form is

F�f�t��1 − e−	libt�e−t/���

= F�f�t��e−t/�� − e−�	lib+1/���t��

= f�� + i/��� − f�� + i�	lib + 1/�a�� . �A8�

Figure 8 shows the influence of both modifications on
the Cole–Cole function.
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