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ABSTRACT: Nematogen liquids in the isotropic phase are macroscopically homogeneous
but on multinanometer length scales have pseudonematic domains with correlation lengths
that grow as the isotropic to nematic phase transition temperature (TNI) is approached
from above. Orientational relaxation of nematogens in the isotropic phase manifests as two
fast power laws and a slow exponential decay when measured by optical heterodyne
detected optical Kerr eﬀect (OHD-OKE) experiments. The long time exponential
relaxation is associated with complete randomization of pseudonematic domains. We
examine the eﬀect of local orientational correlation on spectral diﬀusion (structural
evolution) experienced by a vibrational probe molecule within the pseudonematic domains
of 4-cyano-4′-pentylbiphenyl (5CB) using two-dimensional infrared (2D IR) vibrational
echo spectroscopy. The addition of low concentration 4-pentyl-4′-thiocyanobiphenyl
(5SCB) as a long-lived vibrational probe to 5CB is shown to lower TNI of the sample
slightly, but the fast power law dynamics and exponential decays observed by OHD-OKE
spectroscopy are unchanged. We compare the complete orientational relaxation and spectral diﬀusion for samples of 5SCB in
5CB to 5SCB in 4-pentylbiphenyl (5B) at four temperatures above TNI. 5B has a molecular structure similar to 5CB but is not a
nematogen. At all but the lowest temperature, the spectral diﬀusion in 5CB and 5B is described well as a triexponential decay
with very similar time constants. The results demonstrate that the presence of local orientational order at temperatures well
above TNI does not aﬀect the spectral diﬀusion (structural evolution) within pseudonematic domains when the correlation
lengths are short. However, when the temperature of the sample is held very close to TNI, the spectral diﬀusion in 5CB slows
dramatically while that in 5B does not. It is only as the correlation length becomes very long that its presence impacts the spectral
diﬀusion (structural ﬂuctuations) sensed by the vibrational probes located in pseudonematic domains. The orientational
relaxation is modeled with schematic mode coupling theory (MCT). Fitting with MCT provides density and orientational
correlation functions. The density correlation decays are similar for 5B and 5CB, but the orientational correlation decays are
much slower for 5CB. Additionally, the time dependence of the spectral diﬀusion in 5CB is strikingly similar to that of the
density correlation function decay, while the orientational correlation function decay is far too slow to contribute to the spectral
diﬀusion. Therefore, density ﬂuctuations are likely the source of spectral diﬀusion at temperatures at least 5 K above TNI.

I. INTRODUCTION
Nematogens in the isotropic phase display dramatically
diﬀerent temperature dependent orientational relaxation
dynamics compared to normal liquids. At temperatures above
the nematic−isotropic phase transition temperature, TNI, these
dynamics are heavily inﬂuenced by the presence of
pseudonematic domains characterized by correlation length
ξ.1 The temperature (T) dependence of the correlation length
is described by Landau−de Gennes theory.1 ξ(T) is given by
ξ(T ) = ξ0[T */(T − T *)]1/2 ,

T > T*

τLdG =

(2)

where η(T) is the viscosity, V*eff is the eﬀective volume, and kB is
the Boltzmann constant.
The existence of pseudonematic domains oﬀers a unique
opportunity to study the inﬂuence of nanoscopic length scales
on dynamics in a single component system. There are many
examples in which the molecules of a liquid in systems limited
to a length scale of a few nanometers have dynamics that are
fundamentally diﬀerent from those in the corresponding bulk
liquid. For example, water in reverse micelles has dynamics that
diﬀer greatly from bulk water.12 However, the change in water

(1)

where ξ0 is the molecular length scale (4−5 Å)2−4 and T* is a
temperature slightly below (typically 0.5−1 K) TNI. The ﬁnal
slow exponential decay observed in orientational relaxation is
related to the complete randomization of pseudonematic
domains.5−9 The relaxation time, τLdG, of this decay increases
and then diverges as T* is approached from above6,10,11 due to
the growing correlation length.1
© 2014 American Chemical Society
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513CB. The decays are identical within experimental error over
the time ranges in which the data from the three samples could
be compared.21 Therefore, 5SCB can be used as the vibrational
probe. 5SCB provides a lifetime that is suﬃciently long to
observe the complete 2D IR measured dynamics at all but the
lowest temperature.
Previous OHD-OKE experiments on nematogens show the
existence of fast, nonexponential decays prior to the ﬁnal
exponential decay. These fast decays are not described by
Landau−de Gennes theory.6,10,11,22,23 The OHD-OKE experiment measures the time derivative of the polarizability−
polarizability correlation function, which is equivalent to the
orientational correlation function except at very short times,
less than a few picoseconds.24,25 The data for nematogens in
the isotropic phase can be ﬁt with a phenomenological ﬁtting
function consisting of two power laws multiplied by the
Landau−de Gennes exponential decay.22,23,26 The form of this
function is based on schematic mode coupling theory (MCT)
and is useful to extract parameters, particularly τLdG.
OHD-OKE data can be analyzed in more detail using a
modiﬁed version of MCT.23 On the basis of the Sjögren model
of schematic MCT, the nematogen isotropic phase MCT
theory employs two correlation functions, the density
correlation function and the orientational correlation function.
The time derivative of the orientational correlation function is
the measured OHD-OKE decay.23,27,28 The orientational
correlation function is coupled to the density correlation
function. Both correlation functions can be extracted when the
OHD-OKE data are ﬁt. Modiﬁcations to the Sjögren model
were implemented to account for the divergence of the ﬁnal
exponential decays as T* is approached in the nematogen
isotropic phase.23
While OHD-OKE experiments can be conducted over a wide
range of time scales (∼100 fs to ∼1 μs), they measure the
collective orientational relaxation dynamics. OHD-OKE experiments are unable to address the dynamics of the individual
molecules within pseudonematic domains. To study the
dynamics that arise from the full range of molecular motions,
the 2D IR vibrational echo experiments are used to augment
the OHD-OKE measurements. 2D IR spectroscopy provides
information on structural dynamics through the measurement
of spectral diﬀusion of a vibrational oscillator,29−31 in this case
the CN stretch of 5SCB in 5CB. The CN stretch absorption
band is inhomogeneously broadened because of the variety of
structural environments that exist at an instant of time. Spectral
diﬀusion is the time evolution of the initial frequencies of the
vibrations, which is caused by the structural ﬂuctuations of the
system. Combining the 2D IR spectral diﬀusion data with bulk
orientational relaxation data from OHD-OKE provides a
detailed picture of the structural evolution in 5CB.
OHD-OKE studies have previously been conducted on 5CB
in the isotropic and nematic phases.10,11,22,26,32 We present
OHD-OKE data on a solution of 5CB doped with a small
amount of 5SCB to test the eﬀect of 5SCB on the bulk liquid
properties. The decays observed for the doped sample are
nearly identical to those of neat 5CB; the ﬁnal exponential
decay at a given temperature is slightly faster. The experiments
show that T* for the doped sample has been lowered by about
3 °C compared to the neat sample. Thus, the addition of 5SCB
does not substantially perturb the nature of the liquid dynamics
in 5CB but is slightly temperature shifting them. Thus, we can
probe the structural dynamics of 5CB with the 5SCB

dynamics is caused by the presence of the interface between
water and the surfactant that comprises the reverse micelles.
For suﬃciently large reverse micelles, water has bulk dynamics
in the central core of the water pool, while it has substantially
slower dynamics at the interface.12,13 Benzene in nanoporous
sol−gel glass monoliths displays orientational dynamics distinct
from bulk benzene because of interactions with the interfaces.14
Water in the nanochannels of Naﬁon fuel cell membranes and
water between the planar layers of lamellae display dynamics
that diﬀer from the bulk because of the presence of an
interface.15,16 The deviations in these and many other systems
are induced by the presence of another species. Interactions
with another species, an interface, or, as another example,
charged regions of a room temperature ionic liquid17,18 often
induce a degree of ordering in the liquid under study.
Nematogens in the isotropic phase are novel in that the longrange ordering is an inherent property of the molecules. The
polar and rod-shaped nature of many nematogens (alkylcyanobiphenyls, benzophenone, phenyl salicylate, etc.)10,11
induces the self-ordering seen in these systems. Additionally,
control over the size (correlation length) of the ordered regions
is made possible by controlling the temperature of the sample.
In this paper, we begin to elucidate the eﬀect of
pseudonematic domains on nematogen molecules’ dynamics
through temperature dependent ultrafast two-dimensional
infrared (2D IR) vibrational echo experiments, other ultrafast
IR experiments, and optical heterodyne detected optical Kerr
eﬀect (OHD-OKE) experiments. The 2D IR experiments yield
information on the dynamics experienced by molecules in the
pseudonematic domains, while the OHD-OKE experiments
provide dynamical information on the bulk nematogen liquid.
For comparison, the experiments are conducted on a molecule
that is not a nematogen but has a structure very similar to the
nematogen.
The requirement of a vibrational probe in 2D IR studies
inﬂuenced the choice of 4-cyano-4′-pentylbiphenyl (5CB) as
the liquid crystal for study. The nematic−isotropic phase
transition temperature of 5CB is 35 °C.19 In the present study,
5CB in the isotropic phase was examined up to 40 °C above the
transition temperature. The nitrile stretch of 5CB is a sharp
peak at 2230 cm−1.20 Previous work has shown that using the
CN stretch of 5CB as a vibrational probe resulted in signiﬁcant
experimental problems.21 The lifetime of the CN stretch is
short, ∼4 ps, and because the sample is a pure liquid, it needed
to be exceedingly thin, a few micrometers, to keep the
absorbance suﬃciently low to perform the experiments.
Vibrational relaxation produced excessive heating that
generated additional thermally induced peaks in the 2D IR
spectrum.21 The heat deposition limited the measurements to 6
ps. The heating problem was circumvented by using the natural
abundance 13CN peak as the probe. Because carbon-13 is ∼1%
natural abundance, the absorbance was greatly reduced, and a
thicker sample could be used, which eliminated the heating
problem. In addition, the 13CN stretch of 5CB (513CB) has a
vibrational lifetime of ∼8 ps, making it possible to perform the
2D IR measurements to ∼25 ps.21 To further increase the 2D
IR experimental time window in 5CB, a small amount of the
dopant molecule 4-pentyl-4′-thiocyanobiphenyl (5SCB) was
added. While 5SCB is structurally similar to 5CB, the addition
of a heavy “blocking” atom increased the lifetime of the nitrile
vibrational stretch to ∼100 ps, making it possible to observe the
dynamics with 2D IR to ∼200 ps.21 The 2D IR measurements
on 5SCB in 5CB were compared to those made on 5CB and
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isotropic sample. The time decay of the birefringence, which is
a measurement of orientational relaxation, is monitored via a
time-delayed probe pulse linearly polarized at 45° relative to
the pump. Optical heterodyne detection is achieved by making
the probe polarization slightly elliptical, thereby introducing a
collinear and in-phase local oscillator.34,35
The general details of the optical Kerr eﬀect setup have been
described previously18 with modiﬁcations for probing into the
microsecond regime made to improve the signal-to-noise
ratio.17 Brieﬂy, a 5 kHz Ti:sapphire regenerative ampliﬁer
seeded by a mode-locked 86 MHz Ti:sapphire oscillator is used
to generate laser pulses with widths varying from 60 fs to 125
ps and powers up to 300 μJ per pulse. The laser pulses are
beam split into pump and probe pulses. The probe’s ellipticity
is modulated at 2.5 kHz with a Pockels cell. The pump
polarization is modulated at 1.25 kHz with another Pockels cell,
and the signal is detected at the 1.25 kHz frequency with a
balanced detector and lock-in ampliﬁer.
Because of the nonresonant nature of the experiment, the
pulses can be chirped without interfering with the measured
dynamics. For the shortest times, the pulses were ∼60 fs in
duration. For the longer time scale portions of the decays,
pulses of longer duration, which yield more signal, were
produced by increasing the chirp. Scans taken with various
pulse widths are then overlapped in software to produce the full
OHD-OKE curve. To collect data past the 15 ns window of the
long delay stage, continuous wave (CW) probing was
implemented. A portion of the 532 nm CW oscillator pump
laser is diﬀracted via an acousto-optic modulator to generate 2
μs pulses at 5 kHz. This CW probe is then crossed with the
pump beam at the sample, and its transient response is
recorded with a fast photomultiplier tube (Hamamatsu,
R7400U) and fast digitizer (Agilent Acquiris DP110, 1 GS/
s). For CW probing, the pump beam is a ∼13 ns pulse coming
from the free lasing output of the unseeded regenerative
ampliﬁer. CW probing data were scaled, overlapped, and
combined in software with the pulsed probing data to generate
the full OHD-OKE decay curve.
OHD-OKE data were collected for the four samples (both
neat and doped 5CB and 5B) at 12 temperatures ranging from
309.7 to 349.2 K. Each decay was ﬁt with the phenomenological
function

vibrational probe without signiﬁcantly changing the liquid
crystal system.
As a complement to experiments on the liquid crystal 5CB,
the structurally similar 4-pentylbiphenyl (5B) was also studied.
Other than lacking the nitrile group, 5B is molecularly identical
to 5CB; however, 5B is not a nematogen.33 The OHD-OKE
decays obtained for 5B as a function of temperature have the
same form as those of 5CB, two power laws and a ﬁnal
exponential decay, but the exponential decay is dramatically
faster in 5B due to the lack of correlated pseudonematic
domains. Additionally, schematic MCT analysis of both 5B and
5CB was performed to obtain density and orientational
correlation functions. The density correlation decays obtained
for 5B and 5CB are fairly similar. Orientational correlation
functions found via schematic MCT ﬁtting for the two
compounds are dramatically diﬀerent in time scale; the 5CB
correlation decay is much slower.
2D IR experiments on 5SCB in both 5B and 5CB reveal very
similar structural dynamics at temperatures at least 5 °C above
TNI. The spectral diﬀusion of the nitrile stretch of 5SCB
presents as a triexponential decay with comparable time
constants in both liquids. In 5CB, there is no evidence to
suggest that the probe molecule is aﬀected by the orientational
correlation associated with a pseudonematic domain. Time
constants of the spectral diﬀusion are remarkably similar to
those obtained from the triexponential ﬁt of the density
correlation function from the schematic MCT analysis. The
results suggest that density rather than orientational ﬂuctuations are the cause of spectral diﬀusion in 5CB and 5B at
temperatures signiﬁcantly above TNI. However, as T* is
approached, the 5CB and 5B dynamics diﬀer substantially. At
approximately 2 °C above T*, the structural dynamics of 5CB
slow signiﬁcantly. The spectral diﬀusion observed in 5B is not
equally aﬀected at the same temperature. The divergence in
behavior of the spectral diﬀusion in 5CB relative to 5B indicates
that the correlation in pseudonematic domains inﬂuences the
spectral diﬀusion only when the correlation length ξ becomes
large at temperatures very close to T*.

II. EXPERIMENTAL PROCEDURES
A. Sample Preparation. 5CB and 5B were purchased from
Sigma-Aldrich and TCI America, respectively, and were used
without further puriﬁcation. 5SCB was synthesized as
previously described.21 Solutions of 5SCB in 5CB or 5B were
prepared by dissolving approximately 2.5 mol % 5SCB in the
host liquid. The resulting solutions were passed through a 0.1
μm ﬁlter (Anotop) before being loaded into the appropriate
sample cell.
For OHD-OKE experiments, samples were contained
between two 3 mm thick CaF2 windows held at a 1 cm path
length in a custom cell. For FT-IR and ultrafast infrared
experiments, samples were sandwiched between two 3 mm
thick CaF2 windows, separated by a 250 μm Teﬂon spacer. The
CaF2 windows were held in a copper sample cell. In both
experimental setups, the sample cell temperature was varied
from approximately 305 to 350 K, maintained to ±0.1 K with a
PID temperature controller. The viscosity of all solutions was
measured as a function of temperature with a Brookﬁeld DV-II
+ Pro viscometer with a small volume cone plate adapter.
B. Optical Heterodyne Detected-Optical Kerr Eﬀect
Spectroscopy. The OHD-OKE experiment is a nonresonant
ultrafast spectroscopic technique in which a linearly polarized
pump pulse induces a transient birefringence in an initially

F(t ) = [pt −z + dt b − 1]e−t / τ

(3)

which has been shown to accurately model the OHD-OKE data
for a broad range of liquids including liquid crystals.26,36−38 The
ﬁrst power law is the “intermediate” power law, and the second
power law is the “von Schweidler” power law. These power
laws describe cage relaxation, that is, non-Markovian dynamics
that occur prior to the long time scale diﬀusive orientational
relaxation. The exponential term describes α relaxation or the
ﬁnal complete orientational randomization of the liquid. For
nematogens in the isotropic phase, this exponential decay is
called the Landau−de Gennes decay and refers speciﬁcally to
the randomization of the pseudonematic domains.26
Data were ﬁt from 1 ps to near the end of the decay. For
both the 5CB samples and 2.5 mol % 5SCB in 5CB samples,
the end of the decay varied from 1.00 × 106 ps at 309.7 K to
1.20 × 104 ps at 349.2 K. The 5B samples decayed much more
quickly than the nematogen samples, so the decays ended at
4300 ps at 309.7 K and at 1400 ps at 349.2 K.
It was found that both power law exponents were
temperature independent in all four samples. Therefore, the
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maximum experimental window of ∼200 ps. The IR spot sizes
at the sample were ∼75 μm.
In the pump−probe experiments, by rotating the polarization
of the pump pulse relative to the probe, we can extract
information on the population relaxation (vibrational lifetime)
and orientational dynamics of the sample. The decay of the
probe transmission with the polarizations parallel (I∥) and at
the magic angle (Ima) to the pump are given by

exponents were ﬁxed at the average for all temperatures, and ﬁts
were run again. This did not greatly aﬀect the error associated
with the ﬁts, which indicated that temperature independence of
these parameters was a good assumption. As expected, the
exponential time constant was strongly temperature dependent,
particularly in the case of the liquid crystal samples. Figure 1

I = P(t )(1 + 0.8C2(t ))
Ima = P(t )

(4)

where P(t) is the vibrational population relaxation and C2(t) is
the second Legendre polynomial correlation function (orientational correlation function). The measurement of both
polarizations permits the extraction of C2(t) from measurements of I∥ if the time scale of the orientational relaxation is not
signiﬁcantly longer than the experimental window. The probe
(signal) was dispersed by a monochromator and detected by a
mercury−cadmium−telluride 32-element array detector.
For vibrational echo experiments, three excitation pulses are
crossed in the sample and the fourth pulse serves as a local
oscillator (LO). The time between pulses 1 and 2 is the
coherence time, τ, and the time between pulses 2 and 3 is the
population time, Tw. Nonlinear interactions in the sample
between the three excitation pulses produce a fourth pulse, the
vibrational echo, which propagates in a unique direction at a
time ≤ τ after the third excitation pulse. The LO and
vibrational echo are spatially and temporally overlapped to
provide heterodyne detection, which ampliﬁes the vibrational
echo. Data were collected at a given Tw by scanning the time
between pulses 1 and 2; as τ is scanned, the timing of the
vibrational echo moves relative to the temporally ﬁxed LO,
producing a temporal interferogram. This signal was frequency
resolved and detected on the 32-element array, yielding the
vertical axis, ωm, of the 2D IR spectra. By numerically Fourier
transforming the interferogram at each ωm, the horizontal axis,
ωτ, of the 2D IR spectrum was produced. 2D IR spectra were
collected at Tw’s ranging from 0.5 to approximately 200 ps.
The structural dynamics of a liquid were obtained from the
change in shape of the 2D IR spectrum as a function of Tw. The
evolution of the shape of the nitrile stretches of 513CB and
5SCB reports on spectral diﬀusion. Spectral diﬀusion,
qualitatively explained below, is due to the change in frequency
of the CN stretch caused by the structural ﬂuctuation of the
medium, either 5CB or 5B here. At any given time, there is a
range of CN transition frequencies, causing inhomogeneous
broadening in the nitrile absorption band. Homogeneous
broadening produces a narrow Lorentzian line shape for each
molecule. The collection of all of the narrow Lorentzians with a
Gaussian distribution of center frequencies produces the total
line shape. Structural evolution of the liquid that inﬂuences a
given molecule causes its center frequency to change in time,
the process known as spectral diﬀusion. At a suﬃciently long
time, all possible liquid structures will be sampled by the
vibrational probe, causing the nitrile vibration to sample all of
the frequencies present in the inhomogeneously broadened
absorption spectrum.
The initial and time evolved frequencies of probe molecules
are monitored using the vibrational echo pulse sequence. The
ﬁrst and second pulses in eﬀect “label” the initial vibrational
frequencies of the nitrile vibrational oscillators. During the
population time, Tw, between pulses 2 and 3, the liquid

Figure 1. OHD-OKE 5CB data (black solid curve) in the isotropic
phase (309.7 K) displayed on a log plot. The longest time component
is an exponential decay that is described by Landau−de Gennes
theory. At shorter times there are two power laws, the intermediate
and von Schweidler power laws. Power laws appear as straight lines on
a log plot; lines are drawn below the data to aid the eye. The red
dashed curve is a ﬁt to the data using the ﬁtting function, eq 3.

shows OHD-OKE data for 5CB at 309.7 K (black curve) and a
ﬁt to the data (red dashed curve) using eq 3. The data cover
over four decades of amplitude and six decades of time. Here
we are primarily interested in the ﬁnal exponential LdG decay.
However, to obtain an accurate value of the exponential time
constant, τLdG, it is necessary to perform a global ﬁt that
includes the power laws. Fits to the data using schematic MCT
are presented in section III.E. The MCT ﬁts provide the
orientational and density correlation functions.
C. FT-IR Spectroscopy. FT-IR experiments were performed on a Nicolet 6700 FT-IR spectrometer (Thermo-Fisher
Scientiﬁc) with 1 cm−1 resolution. The nitrile absorption bands
of 513CB and 5SCB are centered at 2174 and 2157 cm−1,
respectively, in the 5SCB/5CB sample. Both of these peaks are
temperature dependent, experiencing a red-shift of approximately one wavenumber as the temperature is increased by 50
K over the range of interest.21 The nitrile stretch of 5SCB is
relatively unchanged in 5B, absorbing at 2157 cm−1. The peak
center is temperature independent within the resolution of the
spectrometer. Background subtractions of neat 5CB and 5B at
the appropriate temperature were performed to isolate the
5SCB nitrile band for data analysis.
D. Ultrafast Infrared Spectroscopy. The experimental
setup and methods for these ultrafast infrared experiments have
been described in detail in previous publications and are
outlined below.31,39 An optical parametric ampliﬁer (OPA) was
pumped by a Ti:sapphire oscillator/regenerative ampliﬁer. The
output of the OPA was ∼6 μJ of mid-IR light in ∼150 fs pulses
at 1 kHz repetition rate. The center wavelength of the IR was
tuned to 2175 or 2160 cm−1 for studying 513CB and 5SCB
vibrational probes, respectively. This mid-IR output was split
into two beams for pump−probe spectroscopy and four beams
for vibrational echo experiments. The timing of pulse arrival at
the sample was controlled with precision delay stages with a
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de Gennes time constant.22,23,26 Plotting the viscosity, η, over
τLdG as a function of temperature yields a straight line whose xintercept is T*. If 5CB is doped with another substance, the
diﬀerence in the power law exponents and value of T* will give
a measure of the modiﬁcation of liquid crystal dynamics from
those of pure 5CB.
We collected the OHD-OKE decays of 2.5 mol % 5SCB in
5CB over a range of temperatures above the nematic−isotropic
phase transition of 5CB; data for three of the temperatures are
shown in Figure 2. As with pure 5CB, each of these doped

structure can evolve, causing the CN frequencies to change.
The arrival of the third pulse ends this time period, and the
resulting vibrational echo reports on the nitrile ﬁnal
frequencies. At short Tw, the structure of the liquid has not
changed much from when the vibrations were initially labeled.
Thus, the read out frequencies are nearly the same as the
starting frequencies. As the population time increases, the liquid
structure changes more and more; the echo emission
frequencies reported by the vibrational echo are decreasingly
correlated with their initially labeled frequencies. The
manifestations of the decreased correlation as a function of
Tw are changes in shape of the 2D IR spectrum. At short Tw,
the detection frequency (ωm) is approximately the same as the
excitation frequency (ωτ), giving a spectrum that is elongated
along the diagonal. The shape of the spectrum becomes more
symmetrical when the frequencies are less correlated, becoming
completely round when all of the environments have been
sampled during the population time. In this manner, the rate of
structural evolution is observable as the rate of change in the
shape of the 2D IR spectra as a function of Tw.
The spectral diﬀusion amplitudes and time scales are
quantiﬁed by the frequency−frequency correlation function
(FFCF). This function is the joint probability that a vibrational
oscillator with an initial frequency in the inhomogeneous
spectral distribution will have that same frequency at a later
time, averaged over all of the initial frequencies. The FFCF is
extracted from the Tw dependence of the shape of 2D spectra
using the center line slope (CLS) method.40,41 The CLS
method provides a direct observable that can be plotted to
depict the nature of the spectral diﬀusion dynamics fully
described by the FFCF. The CLS as a function of Tw is
essentially the normalized decay of the FFCF. Combining the
CLS decay with the IR absorption spectrum yields the full
FFCF including the homogeneous line width.40,41
The FFCF was modeled with the multiexponential form
C(t ) = ⟨δω1,0(τ1)δω1,0(0)⟩ =

∑ Δi 2 exp(−t /τi)
i

Figure 2. Temperature-dependent 5CB with 2.5 mol % 5SCB OHDOKE data at three temperatures. The curves have been oﬀset along the
vertical axis for clarity. Each decay was ﬁt with the ﬁtting function
given by eq 3. The inset shows a Landau−de Gennes plot from the
results for the long time exponential decay and viscosity data. The xintercept of the linear ﬁt gives T* = 303.8 K for the doped sample of
5CB.

sample decays can be ﬁt with the phenomenological function
given by eq 3. The quality of the ﬁts is the same as that shown
in Figure 1. Within experimental error, the values of the power
law exponents for the doped sample are identical to the pure
sample of 5CB (Table 1).22,23,26 The τLdG decay constants

(5)

where Δi and τi are the frequency ﬂuctuation amplitude and
time constant, respectively, of the ith component. A
component, k, of the FFCF with Δkτk < 1 is motionally
narrowed and a source of the homogeneous broadening in the
absorption line. When this occurs, it is not possible to
determine Δk and τk individually. The contribution of the
motionally narrowed component of the absorption spectrum
has a pure dephasing line width given by Γ* = Δk2τk = 1/πT*2 ,
where T2* is the pure dephasing time. The measured
homogeneous dephasing time, T2, also depends on the
vibrational lifetime and orientation relaxation given by
1
1
1
1
=
+
+
T2
2T1
3Tor
T2*

Table 1. OHD-OKE Phenomenological Fitting Parameters
sample

z

b−1

τ range (ns)

neat 5CB
2.5 mol % 5SCB in 5CB
5B

0.76 ± 0.02
0.78 ± 0.02
0.73 ± 0.02

0.05 ± 0.01
0.07 ± 0.02
0.15 ± 0.04

2.7−183
2.8−95
0.2−0.7

obtained for 5SCB in 5CB are slightly faster than the neat
sample at the same temperatures. This diﬀerence is more
signiﬁcant at lower temperatures. Viscosity data for 2.5 mol %
5SCB in 5CB were collected, and a Landau−de Gennes plot of
the doped sample was constructed. As seen in the inset of
Figure 2, the doped sample of 5CB obeys Landau−de Gennes
theory, as η/τLdG versus temperature is well ﬁt by a line as is
pure 5CB. The x-intercept of this line is 303.8 K, approximately
3 K lower than that of pure 5CB.
The doped sample of 5SCB in 5CB maintains the liquid
crystal nature of the sample but with an ∼1% lower critical
temperature. This is in accordance with other studies that show
that the introduction of small amounts of impurity into 5CB
lowers the nematic−isotropic phase transition temperature.42,43
The vibrational probe, 5SCB, is very similar in shape to 5CB.
The agreement in the power laws of the OHD-OKE decays is
evidence that the presence of 5SCB does not signiﬁcantly

(6)

where T1 and Tor are the vibrational lifetime and orientational
relaxation times, respectively.

III. RESULTS AND DISCUSSION
A. OHD-OKE. Previous studies have reported on the OHDOKE decay of 5CB at a variety of temperatures in the isotropic
phase.10,11,22,23,26 Each decay can be ﬁt with the phenomenological function given in eq 3 and illustrated in Figure 1. The
two power law exponents were shown to be independent of
temperature, while the ﬁnal exponential decay is the Landau−
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B. Linear Infrared Spectroscopy. The nitrile stretch
absorption of 5SCB is located at ∼2157 cm−1 in both 5B and
5CB. While 5B is essentially void of peaks in the region, 5CB
has absorptions from both the carbon-12 and carbon-13 nitrile
stretches. The nitrile absorption from 5SCB cannot be
completely isolated from the CN peaks of 5CB, but the signals
can be separated in the 2D IR experiments.21
As was observed for 512CB and 513CB previously, the center
frequency of the nitrile stretch of 5SCB is slightly temperature
dependent.21 The peak center shows a red-shift with increasing
temperature in 5CB. However, in 5B, no center frequency shift
is observed with temperature changes. In both liquids, the
nitrile absorption of 5SCB shows as a slight broadening with
increased temperature.
C. Polarization Selective Pump−Probe Spectroscopy.
Magic angle pump−probe experiments at four temperatures
were conducted for 5SCB in both 5B and 5CB and are shown
in Figure 4. The magic angle population decay of the nitrile

change the dynamics within the pseudonematic domains. The
sizes of the pseudonematic domains themselves are equivalent
to those in neat 5CB at a slightly higher temperature. Thus, we
can study the spectral diﬀusion of the 5SCB probe in 5CB
without substantially perturbing the liquid crystal nature of
5CB.
To explicate the dynamics due to the presence of
pseudonematic domains, we have studied 5B, a liquid that is
molecularly similar to 5CB, but not a nematogen.33 OHD-OKE
experiments were conducted on 5B at the same temperatures as
the doped sample of 5CB. Note, these temperatures are all well
above the melting point of 5B at 10 °C, so it is not
supercooled.44,45 The OHD-OKE decays observed for 5B at
selected temperatures are shown in Figure 3. These data do not

Figure 3. Temperature-dependent 5B OHD-OKE data at three
temperatures. The curves have been oﬀset along the vertical axis for
clarity. Each decay was ﬁt with the ﬁtting function given by eq 3. The
inset shows a Debye−Stokes−Einstein plot from the resulting ﬁnal
exponential decay constants and viscosity data. As η/T versus τ is
linear, 5B obeys Newtonian ﬂuid mechanics (Debye−Stokes−Einstein
rotational diﬀusion) consistent with a normal liquid, not a nematogen.

Figure 4. Polarization selective pump−probe decays for 5SCB in 5B
(A) and in 5CB (B). The signal decay for both magic angle and
parallel are shown for 5SCB in 5B. The parallel pump−probe signal for
5SCB in 5CB is identical to the magic angle, so it is not shown. The
ﬁts are not shown to avoid clutter.

have 5SCB in them, but the decays for 5B with 5SCB are
identical within experimental error. The 5B decays are
substantially faster than those for 5CB. As with neat and
doped 5CB, these decays can be ﬁt to two power laws times an
exponential (eq 3). Again, the power law exponents are
independent of temperature; their values are reported in Table
1. The values of these exponents for 5B are similar but not the
same as those for 5CB. The z exponent is almost within the
error bars of the 5CB value, but the b exponent is diﬀerent.
However, the uncertainty in the 5B values is larger because the
ﬁnal exponential decays are much faster, limiting the range of
time over which the power laws can be observed. The slowest
of the ﬁnal exponential relaxations observed for 5B is faster
than 1 ns; the fastest of the 5CB Landau−de Gennes time
constants is still signiﬁcantly slower. In addition to being faster
overall, the 5B ﬁnal exponential decay constant is less sensitive
to temperature changes. It changes by a factor of ∼2 over the
range of temperatures examined, while τLdG for 5CB changes by
more than a factor of 80. The diﬀerence in the temperature
dependences is expected, as the long time orientational
relaxation dynamics in 5CB are dominated by the orientational
randomization of pseudonematic domains, which are absent in
5B. Finally, it is worth noting that the long time exponential
decay constants of 5B obey Debye−Stokes−Einstein behavior
for Newtonian ﬂuids, as seen in the inset of Figure 3.

absorption of 5SCB in 5B, Figure 4A, was ﬁt with a single
exponential to give the vibrational lifetime; the lifetime is ∼105
ps and increases slightly with decreasing temperature (see
Table 2). In 5CB, the population decay of the 5SCB nitrile
absorption was ﬁt with a biexponential decay, Figure 4B. The
ﬁrst of the exponential time constants is due to the somewhat
Table 2. Vibrational Lifetimes T1
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T1 (ps)

probe

liquid

temperature (K)

5SCB
5SCB
5SCB
5SCB

5CB
5CB
5CB
5CB

349
329
310
305.5

101
103
101
100

±
±
±
±

1
1
1
2

5SCB
5SCB
5SCB
5SCB

5B
5B
5B
5B

349
329
310
305.5

103
108
108
111

±
±
±
±

1
1
1
1
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overlapping 513CB 1−2 transition and is small in amplitude. It
is held ﬁxed at the temperature dependent lifetime values found
for 513CB in neat 5CB. The longer exponential decay constant
is the vibrational lifetime of the nitrile stretch of 5SCB, ∼101
ps. Within experimental error, the lifetime of the 5SCB nitrile
stretch in 5CB is independent of temperature (see Table 2). A
precise value cannot be obtained at 305.5 K, as neat 5CB is in
the nematic phase at this temperature; thus, we cannot ﬁx the
value of the fast exponential to the lifetime of 513CB.
Pump−probe experiments with parallel geometry were
performed on the same samples to extract information on the
orientational relaxation. At each temperature, the parallel
pump−probe decay of the nitrile stretch of 5SCB in 5CB
was found to be identical to the magic angle decay, which
demonstrates that no signiﬁcant orientational relaxation occurs
on the time scale of the pump−probe experiment, approximately 200 ps. As discussed in detail below, examining the ﬁrst
200 ps of the orientational correlation function found from
schematic MCT ﬁtting of the OHD-OKE data shows that its
decay is exceedingly slow. The orientational correlation
function drops from 1 to ∼0.96 in the span of the pump−
probe experiments; thus, orientational relaxation is not
observed in the parallel pump−probe experiments.
Unlike in 5CB, the population decay of nitrile stretch of
5SCB in 5B in parallel pump−probe experiments can be
distinguished from the magic angle decay, Figure 4A, and it can
be ﬁt with a biexponential decay. The longer of these two
exponential decay constants matches the magic angle vibrational lifetime of the nitrile stretch of 5SCB in 5B. The faster
time constants are 10−20 ps over the range of temperatures
studied, and may be related to the rotation of the transition
dipole of 5SCB around the long axis of the molecule. Full
anisotropy measurements are required for a complete characterization and will be undertaken in future experiments.
D. 2D IR Vibrational Echo Experiments. In a previous
paper, it was shown in detail that the introduction of 5SCB
does not change the structural dynamics (spectral diﬀusion) in
5CB measurements at a single temperature. The measurements
were made using 513CB as the vibrational probe with and
without 5SCB in the liquid.21 In addition, the dynamics in 5CB
were measured using both 513CB and 5SCB as vibrational
probes. As mentioned above, the 13CN stretch has a vibrational
lifetime of ∼8 ps, while the CN stretch of 5SCB has a lifetime
of ∼100 ps. The spectral diﬀusion, quantiﬁed by the CLS
decays, was the same for 513CB and the CN stretch of 5SCB
over the 25 ps window that could be measured for 513CB given
its relatively short lifetime. There may be a small diﬀerence in
the homogeneous line width.21 In this study, the measurements
were repeated at the temperatures used in here, and the results
are the same. The CLS decays measured on 513CB with and
without 5SCB are the same, and over the time range limited by
the 13CN stretch lifetime of 513CB, the spectral diﬀusion of
513CB and 5SCB is the same.
Unlike 5CB, 5B does not contain an intrinsic vibrational
probe. Thus, we cannot compare the dynamics reported by the
CN stretch of 5SCB to anything already present in the solution.
On the basis of the identical OHD-OKE decays of neat 5B and
5SCB doped 5B, it is assumed that the introduction of 5SCB
does not greatly perturb the 5B liquid dynamics and that the
nitrile stretch of 5SCB can accurately report on its structural
evolution.
Figure 5 displays 2D IR spectra of the CN stretch of 5SCB in
5CB at 349 K. The top panel is the spectrum for a short Tw = 1

Figure 5. 2D IR spectra of the CN stretch of 5SCB in 5CB at 349 K.
The top panel is the spectrum for a short Tw = 1 ps, and the bottom
panel is for a long Tw = 168 ps. The dashed line in the top panel is the
diagonal. Information of spectral diﬀusion is contained in the change
in shape of the spectra with time.

ps, and the bottom panel is for a long Tw = 168 ps. Structural
ﬂuctuations of the liquid cause spectral diﬀusion, which is
manifested as changes in the shape of the 2D IR spectra. In the
top panel, the dashed line is the diagonal. At short time, the
spectrum is elongated along the diagonal. The width
perpendicular to the diagonal at short time is related to the
homogeneous line width. At the long time shown in the bottom
panel, the spectrum is virtually symmetrical (circular), which
reﬂects almost complete spectral diﬀusion. Complete spectral
diﬀusion means that all frequencies in the inhomogeneously
broadened absorption line have been sampled because all liquid
structures that are responsible for the inhomogeneous broadening have been sampled.
Parts A and B of Figure 6 show the CLS decays at four
temperatures for the nitrile stretch of 5SCB in 5B and 5CB,
respectively. The diﬀerences in the CLS decays in the two
liquids are not large considering the very large diﬀerences in the
decays of the OHD-OKE data for the two liquids (see Figures 2
and 3). At 310, 329, and 349 K, the CLS decays are ﬁt very well
to a triexponential function for both liquids. Fits with
biexponential functions do not give a reasonable description
of the data. The Akaike statistical analysis46 was applied to
compare the biexponential and triexponential ﬁts. The analysis
demonstrated that the triexponential function is appropriate.
The 5B and 5CB time constants for the decays are very similar,
as seen in Table 3. Note that at each temperature for a
particular liquid the three time constants diﬀer by factors of 5−
10, again supporting the triexponential ﬁt. There is a
substantially smaller homogeneous line width at these temperatures for 5CB than in 5B. Two of the inhomogeneous
amplitudes, Δ1 and Δ2, are similar for the two liquids, while Δ3
is signiﬁcantly larger for 5CB.
On the basis of CLS decays down to 310 K, there are no
signiﬁcant diﬀerences between the structural evolution of 5B
and 5CB that would suggest the presence of pseudonematic
domains in 5CB is sensed by the vibrational probe. The 2D IR
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For the four temperatures studied, 349, 329, 310, and 305.5
K, the correlation lengths, ξ, of the pseudonematic domains are
1, 1.4, 2.8, and 5.4 nm, respectively, as calculated using eq 1.
Here, we have taken ξ0 to be 4 Å, in accordance with previous
studies on n-cyanobiphenyls.3,4 For the highest three temperatures, the correlation lengths are not insigniﬁcant, but the 310
K value of 2.8 nm is still only about double the long molecular
axis of 5CB. It is not until the temperature is held very close to
T* that ξ grows dramatically. To examine the maximum impact
of these pseudonematic domains on spectral diﬀusion, we
conducted 2D IR experiments at 305.5 K, very close to the
phase transition for 5CB containing 5SCB (see Figure 6B).
At 305.5 K, the sample is less than 2 K above T*, and the
correlation length is 5.4 nm. Compared to the sample held at
310 K, just 4.5 K higher, we see a doubling in ξ. It is at this
temperature that substantial diﬀerences in the nature of the
spectral diﬀusion in 5B versus 5CB were observed. The faster
two components of the dynamics in 5B at 305.5 K, τ1 and τ2, do
not change within experimental error going from 310 to 305.5
K. The slowest component for 5B, τ3, becomes slower by about
a factor of 2 but has a large associated uncertainty (see Table
3). The functional form of the decay is still a triexponential
without an oﬀset; that is, the slowest component will take the
CLS to zero. Unlike in the “normal” liquid 5B, the spectral
diﬀusion of the 5SCB probe in the nematogen liquid 5CB
exhibits dramatic slowing at 305.5 K. For 5CB, τ1 becomes
approximately a factor of 3 longer and τ 2 becomes
approximately a factor of 4 longer (see Table 3). Furthermore,
τ3 becomes so slow that we cannot measure it within the
experimental time window of 180 ps. The data can be ﬁt with
the triexponential function, but the long component goes to
inﬁnity. Alternatively, the 305.5 K 5CB data can be ﬁt with a
biexponential with an oﬀset. The oﬀset reﬂects a constant value
in terms of the data. The net result is the same. The two decay
time constants that can be measured become much slower, and
the slowest time constant also becomes much slower but too
slow to obtain a numerical value.
These results demonstrate that the presence of pseudonematic domains does inﬂuence the structural dynamics reported
by spectral diﬀusion but only when the correlation length of the
domains becomes very large near the nematic−isotropic phase
transition temperature. The 2D IR experiments are in contrast
to the OHD-OKE data, for which the correlation length has a
major inﬂuence on the orientation relaxation of 5CB for all
correlation lengths.

Figure 6. (A) The 2D IR CLS data (points) for 5SCB in 5B at 349,
329, 310, and 305.5 K. Each curve is ﬁt to a triexponential decay with
no oﬀset (solid curves). The resulting FFCF parameters are given in
Table 3. (B) The 2D IR CLS data (points) for 5SCB in 5CB at 349,
329, 310, and 305.5 K. Fits to the data are the solid curves. The CLS
decays for the three higher temperatures (black, red, and blue) were ﬁt
to a triexponential with no oﬀset. The CLS decay at 305.5 K is ﬁt with
a biexponential with an oﬀset (see text). The FFCF parameters are
given in Table 3.

measurements on individual probe molecules do not display
evidence of the presence of pseudonematic domains in 5CB, in
sharp contrast to the OHD-OKE experimental results shown in
Figures 2 and 3, which display marked diﬀerences between the
5CB and the 5B data. OHD-OKE experiments measure
orientational relaxation through randomization of the pseudonematic domains in 5CB but normal orientational relaxation in
5B. The 2D IR experiments measure the dynamics of the
structures that give rise to the inhomogeneously broadened
absorption lines. The results for the three highest temperatures
indicate that complete orientational relaxation is not necessary
for randomization of the structures responsible for inhomogeneous broadening. The relationship between the 2D IR
experiments and the OHD-OKE experiments is discussed in
detail below.
Table 3. FFCF Parameters for 5SCB in 5B and 5CB
sample
5B

5CB

T (K)

Δ1a (cm−1)

349
329
310
305.5
349
329
310
305.5

1.67
1.67
1.75
1.69
2.04
1.84
1.79
2.13

±
±
±
±
±
±
±
±

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

τ1 (ps)
1.9
2.7
2.9
3.2
1.1
1.6
2.2
5.7

±
±
±
±
±
±
±
±

0.5
0.7
0.5
0.4
0.3
0.4
0.4
0.8

Δ2a (cm−1)
1.79
1.62
1.68
1.90
2.08
1.94
2.08
2.35

±
±
±
±
±
±
±
±

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

τ2 (ps)
7
13
22
21
10
14
22
87

±
±
±
±
±
±
±
±

1
4
6
3
2
4
4
16

Δ3a (cm−1)
1.31
1.28
1.29
1.29
1.83
2.06
2.19
1.49

±
±
±
±
±
±
±
±

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

τ3 (ps)
84
131
163
310
78
111
221

±
±
±
±
±
±
±

5
23
50
71
9
12
31

T2 (ps)
3.13
3.25
3.44
3.86
3.80
4.21
5.85
5.83

±
±
±
±
±
±
±
±

0.3
0.3
0.3
0.4
0.4
0.4
0.6
0.6

Γ (cm−1)
3.39
3.27
3.09
2.75
2.79
2.52
1.81
1.83

±
±
±
±
±
±
±
±

0.3
0.3
0.3
0.3
0.3
0.25
0.2
0.2

The Δi values are the standard deviations of the ith component of the inhomogeneous contribution to the absorption line. The standard deviation
of the total inhomogeneous line width is (∑i Δi2)1/2. The full width at half-maximum (fwhm) of the inhomogeneous component of the absorption
line is 2.35 times the standard deviation of the total inhomogeneous component. The fwhm of the total absorption spectrum is the convolution of
the fwhm of the homogeneous line width, Γ, with the fwhm of the inhomogeneous component. The total absorption line shape is a Voigt proﬁle.

a
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E. Schematic MCT Fitting of OHD-OKE Decays and the
Relation to 2D IR. The detailed analysis of the results of the
OHD-OKE experiments can be used to clarify the nature of the
structural dynamics that are responsible for the spectral
diﬀusion measured with the 2D IR experiments. In addition
to the analysis of OHD-OKE data with the phenomenological
ﬁtting function given by eq 3, the data for the nematogen liquid
5CB and nonmesogenic 5B have been described quantitatively
using schematic mode coupling theory. A full description of
schematic MCT can be found elsewhere,27,28,47,48 as well as its
extension to nematogens in the isotropic phase.23 In the
Sjögren model of schematic MCT, there are two coupled
correlation functions. Here ϕ1(t) is associated with the density
ﬂuctuations, and ϕ2(t) is associated with the orientational
ﬂuctuations.23,28,47 The derivative of the orientational correlation function gives the OHD-OKE experimental decay. To
accommodate the divergence of the long time exponential
behavior of the nematogen 5CB as T* is approached from
above, a modiﬁed version of schematic MCT is employed,
given by23
ϕ1̈ (t ) + μ1ϕ1̇ (t ) + Ω12ϕ1(t ) + Ω12

∫0

t

The numerical method involved in solving the coupled
diﬀerential equations is dependent on the time point step size.
It is necessary to use a ﬁne point spacing at early times (power
law region) and desirable to use a larger point spacing at later
times (ﬁnal exponential decay). When the step size is changed,
a discontinuity appears in the resulting ﬁt. This discontinuity is
negligible when Γ = 0 in the case of 5B. However, when Γ is
nonzero for 5CB, these jumps in the ﬁt severely skew the
parameters. Thus, the step size must be kept constant at a small
value, 0.5 ps, throughout the ﬁt. While this produces a well
behaved result, the ﬁtting takes a very long time, since a vast
number of points are needed, and the time for a ﬁt scales
approximately as the number of points squared. Therefore, only
a few temperatures of 5CB OHD-OKE data are ﬁt and
presented as results.
For both 5B and 5CB, the oscillator frequencies Ω1 and Ω2
were held constant at 0.5 and 1 THz in accordance with
previous works.28,36,47 Choosing smaller values results in short
time oscillations in the OHD-OKE ﬁt, while larger values result
in oscillator energies in the regime of bond vibrations.
Additionally, ν1 and ν2 were found to be eﬀectively temperature
independent in the two liquids. Figure 7 shows OHD-OKE

dτm1(t − τ )ϕ1̇ (τ ) = 0

ϕ2̈ (t ) + (μ2 + Γ)ϕ2̇ (t ) + (Ω 2 2 + μ2 Γ)ϕ2(t )
+ Ω22

∫0

t

dτm2(t − τ )ϕ2̇ (τ ) + Ω 2 2Γ

∫0

t

dτm2(t − τ )ϕ2(τ ) = 0

(7)

where the memory kernels are
m1(t ) = ν1ϕ1(t ) + ν2ϕ12(t )
m2(t ) = κϕ1(t )ϕ2(t )

(8)

and Γ is the inverse of the Landau−de Gennes time constant in
the case of 5CB or 0 in the case of 5B.23 The equations are
damped harmonic oscillators with memory functions. Ω1 and
Ω2 are the microscopic oscillator frequencies and μ1 and μ2 are
the oscillator damping constants for the density and orientational correlation function equations, respectively. ν1 and ν2 are
the magnitudes of the linear and quadratic terms in the density
memory kernel, and κ is the constant that reﬂects the
magnitude of the coupling of the orientational relaxation to
the density relaxation. These equations cannot be solved
analytically, and the numerical solution for a time point N
depends on the solution at all previous time points. The
procedure outlined below was employed for ﬁtting the data.
The OHD-OKE decays were ﬁt from 1 ps to an end point
ranging from 1 ns to 1 μs as determined by the duration of the
ﬁnal exponential decay. As the schematic MCT equations
contain a total of eight free parameters that are possibly
temperature dependent, some restrictions had to be made to ﬁt
the data. In accordance with previous studies, the microscopic
oscillator frequencies Ω1 and Ω2 were taken to be temperature
independent.23,28,36,47 Fitting data with the remaining six freely
adjustable parameters resulted in density damping constant, μ1,
values that were also essentially temperature independent; this
temperature independence is in agreement with previous results
for liquid crystals and molecular liquids well above the glass
transition.23,28 Setting μ1 to be the average of the values found
at all temperatures, the data were reﬁt to obtain the
temperature dependent values for the other damping constant,
μ2, the F12 parameters, ν1 and ν2, and the density-orientational
coupling constant, κ.

Figure 7. OHD-OKE data (solid black curve) for 5CB with 5SCB at
328 K and the MCT ﬁt to the data (dashed red curve). Fixed
parameters: Ω1 = 0.5 THz, Ω2 = 1 THz, μ1 = 1.19 THz, v1 = 0.99, v2 =
0.3, Γ = 9.7 × 10−5 ps−1.

data for 5CB with 5SCB at T = 328 K (solid black curve) and
the MCT ﬁt (dashed red curve). The data span more than three
decades in amplitude and more than four decades in time. The
ﬁt is excellent over the entire time range. The quality of the ﬁts
is the same at all temperatures and for 5B with and without
5SCB as well.
It has been shown previously for three nematogens including
5CB that, as T* is approached from above, κ, the constant for
the coupling of the orientational correlation function to the
density correlation function, diverges.23 A plot of 1/κ vs T falls
on a line, and the intercept is T* within experimental error.23
Figure 8 shows plots of 1/κ vs T for neat 5CB (red points) and
5CB with 2.5 mol % 5SCB (blue points). The lines through the
data are linear ﬁts. As previously reported, the neat 5CB data
falls on a line. The data taken in this study has an intercept of
∼309.5 K, which is close to T* = 308 K. The data for 5CB with
2.5 mol % 5SCB also falls on a line with an intercept of ∼306 K,
which is close to the mixed sample’s T* = 304 K. The only
diﬀerence between the doped sample and pure 5CB is a
reduction of T* of about 4 K. The results displayed in Figure 8
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Figure 8. Plots of 1/κ vs temperature obtained from the MCT ﬁts
(points) and linear ﬁts (lines) for pure 5CB (red) and 5CB with 2.5
mol % 5SCB (blue). Within experimental error, the intercepts are T*,
as found from OHD-OKE experiments, for the two liquids.

show that, as the isotropic to nematic phase transition is
approached from above, the coupling of the orientational
relaxation to the density relaxation grows dramatically and
diverges at T*. In the LdG theory, the correlation length grows
and becomes inﬁnite at T*. MCT indicates that the divergence
of the correlation length is accompanied by the divergence of
the coupling of the orientational relaxation to the density
relaxation. For the nonmesogenic 5B, κ does not diverge, which
agrees with MCT analysis of supercooled and ionic liquids.28,36
While complete analysis of the ﬁtting parameters of
schematic MCT may provide interesting temperature dependences worth studying in the future, our current focus is on the
density and orientational correlation functions, ϕ1(t) and ϕ2(t),
that are produced from ﬁtting the OHD-OKE data. Although
there are many parameters, they are limited to certain ranges or
it is not possible to ﬁt the OHD-OKE data. As shown in Figure
7, schematic MCT ﬁts the data exceedingly well. The ﬁt is the
derivative of the orientational correlation function; therefore,
the shape of the orientational correlation function obtained
from the ﬁt is also correct at each temperature. We also
examined the shape of the density correlation function.
Changing the ﬁxed parameters and then ﬁtting the OHDOKE data again to produce an excellent ﬁt does not change the
shape of the density correlation function. Therefore, although
there is a range of parameters that can give good ﬁts, the actual
shapes of the density and orientational correlation functions are
unchanged and can be examined.
For the present discussion, we will consider the OHD-OKE
decays of 5CB and 5B, both with 2.5 mol % 5SCB at 328 K,
approximately 25 K above T*. Figure 9 displays the
orientational correlation functions, ϕ2 (top panel), and the
density correlation functions, ϕ1 (bottom panel), obtained from
the ﬁts to the OHD-OKE data (see Figure 7). Note that the
time scale for the main portion of each ﬁgure is in picoseconds,
while the insets are in nanoseconds. First, consider the
correlation functions for 5CB (red curves). The CLS for the
5CB sample at 329 K decays almost to zero by 200 ps (see
Figure 6B). The orientational correlation function for 5CB (top
panel) decays very slowly, dropping only a few percent over the
ﬁrst 200 ps. The inset in Figure 9 shows it has still not decayed
to zero at 25 ns. Therefore, the orientational relaxation
dynamics are far too slow to account for the structural
ﬂuctuation induced spectral diﬀusion shown in Figure 6 with
the FFCF parameters given in Table 3. In contrast, the density

Figure 9. Plots of the orientational correlation functions (top panel)
and the density correlation functions (bottom panel) for 5CB (red)
and 5B (black) both with 2.5 mol % 5SCB obtained from MCT ﬁts to
the data at 328 K. The time axes for the main ﬁgures are in
picoseconds, while the insets are in nanoseconds. The density
correlation functions (bottom panel) also have triexponential ﬁts
(dashed curves).

correlation function for 5CB (bottom panel) does decay on the
appropriate time scale. From this comparison of the orientational and density correlation function decays to the FFCF
decay, we can conclude that orientational dynamics are not
responsible for the spectral diﬀusion. The results suggest that
spectral diﬀusion is dominated by density ﬂuctuations. Since
the spectral diﬀusion samples virtually the entire inhomogeneously broadened 5SCB absorption line by 200 ps, the
implication is that the inhomogeneous broadening is caused by
density variations rather than orientational variations.
Now consider the correlation functions for 5B (black curves
in Figure 9). The orientational correlation function decay (top
panel) is much faster than that of 5CB, which would be
expected for a nonmesogenic liquid. Although the decay is fast
compared to 5CB, it is still relatively slow compared to the CLS
decay for 5B at 329 K shown in Figure 6A. By 200 ps, the CLS
has decayed virtually to zero. Therefore, it is likely that the
structural ﬂuctuation induced spectral diﬀusion for 5B is
dominated by density ﬂuctuations but possibly with a nonnegligible contribution from orientational ﬂuctuations.
The CLS (Figure 6) and the FFCFs (Table 3) for both the
5CB and 5B samples are described very well by triexponential
functions. As a heuristic exercise, it is informative to ﬁt the
density correlation functions with triexponentials. The bottom
panel of Figure 9, which shows the 5CB (red solid curve) and
5B (black solid curve) density correlation functions also has the
triexponential ﬁts: 5CB blue dashed curve and 5B green dashed
curve. The ﬁts are very good, demonstrating that the density
correlation functions can be ﬁt with the same functional form
used to ﬁt the CLS curves. The time constants for the ﬁt to the
5CB density correlation function are 3.5, 27.2, and 382 ps.
These should be compared to the FFCF time constants for
5CB at 329 K given in Table 3. The two fast FFCF time
constants are approximately a factor of 2 too fast, and the
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at the lowest temperature, which is close to T*, that the
dynamics of 5CB are substantially diﬀerent from those of 5B.
The implication is that, when the correlation length is relatively
short, the manner in which structural ﬂuctuations impact the
vibrational transition frequency is basically the same for 5CB
and 5B. The presence of pseudonematic domains with relatively
short correlation lengths in the isotropic phase of the
nematogen liquid 5CB is inconsequential, which is in contrast
to the orientational relaxation. The orientational relaxation is
strongly aﬀected by the pseudonematic domains at all
temperatures (see Figures 2 and 3), and the forms of the
temperature dependences are fundamentally diﬀerent for 5CB
and 5B.
The substantial slowing of the spectral diﬀusion in 5CB
compared to 5B near T* is associated with the correlation
length becoming large. This is an interesting phenomenon. The
nature of structural ﬂuctuations experienced by the local
vibrational probe, 5SCB, changes when ξ becomes large, but
orientational relaxation is too slow to be involved. This line of
argument implies that long-range angular correlation slows the
decay of the structural ﬂuctuations responsible for spectral
diﬀusion, and these structural ﬂuctuations may be associated
with density ﬂuctuation.

slowest time constant is about a factor of 3.5 too fast. While the
density correlation function does not reproduce the spectral
diﬀusion decay precisely, it is certainly in the correct time
range. The time constants for the ﬁt to the 5B density
correlation function are 3.2, 23.2, and 116 ps. These values are
actually quite close to the corresponding FFCF values for 5B at
329 K. These results support the proposition that density
ﬂuctuations are primarily responsible for the spectral diﬀusion
measured with the 2D IR experiments.
While there is no a priori reason why the time dependence of
the density correlation functions should correspond directly to
the spectral diﬀusion dynamics, a couple of comments are
worth making. First, for many vibrations, the change in
vibrational frequency with density is linear for small changes.49
Since spectral diﬀusion results from frequency ﬂuctuations,
there could be a direct correspondence. Second, the agreement
between the time dependence of the density correlation
function and the FFCF is much better for 5B than for 5CB.
The MCT theory for 5B is the standard method for describing
a normal liquid.28,47 The MCT theory of the nematogen 5CB is
a modiﬁed form to account for the isotropic to nematic phase
transition.23 However, to account for the nematogen OHDOKE data, which observes orientational dynamics, only the
orientational component of the MCT theory was modiﬁed; that
is, only the equation for ϕ2 was changed.23 The changes to the
ϕ2 equation were suﬃcient to reproduce the OHD-OKE data.
In the nematogen MCT theory, the density correlation function
equation for ϕ1 is identical to that of a normal liquid. The
results presented here suggest that a modiﬁed form of the ϕ1
equation may also be necessary to completely describe
nematogens in the isotropic phase. The problems with the
nematogen MCT theory are further indicated, as it does not
have the correct temperature dependence. The density
correlation function does not display the very large change
seen in the 2D IR data very close to T*, which is reasonable as
there is nothing in the ϕ1 equation that corresponds to the
isotropic to nematic phase transition.
F. The Correlation Length and Spectral Diﬀusion. The
results presented above provide some insights into the
inﬂuence of the correlation length of the pseudonematic
domains of 5CB on the spectral diﬀusion of the 5SCB
vibrational probe. Spectral diﬀusion is produced by ﬂuctuations
of the environment that cause the transition frequency of the
vibrational probe to evolve through the frequencies of the
inhomogeneously broadened IR absorption line. The results of
the MCT ﬁts to the OHD-OKE data provide strong evidence
that the orientational relaxation is far too slow to contribute to
the spectral diﬀusion and suggests that spectral diﬀusion is the
result of density ﬂuctuations. At all but the lowest temperature,
the CLS decays to zero on the hundreds of picosecond time
scale. For the CLS to decay to zero, it is necessary for all
structures that contribute to the inhomogeneous line to be
sampled. The inhomogeneous line width is (∑i Δi2)1/2, where
the Δi are given in Table 3. Within experimental error, the
inhomogeneous line width does not change with temperature.
These considerations indicate that the inhomogeneous line is a
result of variations of the density experienced by the vibrational
probe.
As discussed in section III.D, the 2D IR experiments show
that the temperature dependences of the spectral diﬀusion are
very similar for 5CB and the nonmesogenic liquid 5B, and the
actual spectral diﬀusion time constants for the two liquids are
very similar (see Table 3) at the higher temperatures. It is only

IV. CONCLUDING REMARKS
Ultrafast 2D IR vibrational echo spectroscopy and optical
heterodyne detected optical Kerr eﬀect experiments combined
with schematic mode coupling theory were used to investigate
the dynamics in the isotropic phase of the nematogen 5CB and
a related nonmesogenic liquid, 5B. The 2D IR experiments
were conducted on a dilute vibrational probe, 5SCB, which has
a long lifetime, and it was shown that the structural dynamics of
5CB are not signiﬁcantly perturbed by the presence of the
probe. The isotropic phase of a nematogen liquid undergoes
orientational relaxation that is strongly inﬂuenced by the
existence of pseudonematic domains. On a distance scale
characterized by the correlation length, ξ, the nematogen
molecules have quasi-nematic order. As the isotropic to nematic
phase transition temperature is approached from above, ξ
grows and becomes inﬁnite below the transition temperature.
As ξ becomes larger, orientational relaxation slows dramatically.
The results presented above demonstrate that the presence
of pseudonematic domains has little impact on spectral
diﬀusion measured with the 2D IR experiments until ξ
becomes very large close to T*. Spectral diﬀusion is caused
by ﬂuctuations of the liquid structures that give rise to the
inhomogeneously broadened IR absorption line of the
vibrational probe. For the higher temperatures studied, the
temperature dependences of 5CB and 5B are very similar; the
actual spectral diﬀusion time constants of the two liquids are
almost the same at each temperature. However, very close to
T*, where ξ > 5 nm, the spectral diﬀusion of 5CB is much
slower than that of 5B. MCT analysis of the OHD-OKE data
suggests that the spectral diﬀusion is caused by density
ﬂuctuations and that, for 5CB, orientational ﬂuctuations make
little or no contribution.
The behavior of 5CB is fundamentally diﬀerent than other
systems with a nanoscopic dimension that inﬂuences dynamics.
A wide variety of systems have a nanoscopic dimension that
involves an interface of some type, such as water molecules at
the surface of a protein or water in nanoscopic water pools of
reverse micelles. In AOT reverse micelles with water pool radii
of 1 nm, all of the water molecules are aﬀected by the presence
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of the AOT interface.12 When the radii are 5 nm, much of the
water behaves like bulk water, although the water molecules
very close to the interface are still strongly aﬀected by the
presence of the interface. 5CB provides the opportunity to
study the inﬂuence of a nanoscopic length scale on a single
component system. There is no interface but rather a
correlation length. 5CB behaves in the exact opposite manner
of systems that have a nanoscopic scale deﬁned by an interface.
In 5CB, when the correlation length is small, 1 or 2 nm, the
presence of the pseudonematic domains has no discernible
eﬀect on the structural dynamics that sample the conﬁgurations
that produce the vibrational probe’s inhomogeneous line,
although the existence of the pseudonematic domains does
strongly inﬂuence the orientational dynamics. Only when the
correlation length becomes large are the spectral diﬀusion
dynamics diﬀerent from those of a similar nonmesogenic liquid.
These results show that there is a major diﬀerence between a
system that has an intrinsic length scale not associated with the
proximity to an interface and systems that are nanoscopic
because of an interface.
From the results presented here, the question arises as to the
details of the temperature dependent spectral diﬀusion close to
T*. At the present time, we are unable to resolve the slowest
component in the CLS decay near T*; it appears as an oﬀset. In
the future, we will conduct 2D IR experiments with 4-pentyl-4′selenocyanobiphenyl (5SeCB) as the vibrational probe. The
introduction of a heavier blocking atom, selenium, has been
shown to increase the vibrational lifetime of a CN stretch to
∼300 ps.50 Our preliminary experiments show that the CN
lifetime of 5SeCB is longer than 300 ps. The longer lifetime
combined with the installation of a longer delay line will enable
us to measure the spectral diﬀusion in 5CB and other
nematogenic liquids to >1 ns. With the ability to quantify
spectral diﬀusion at temperatures close to T*, it may be
possible to determine a critical correlation length that impacts
the structural evolution observed with 2D IR experiments.
Comparison of 2D IR results on 5SeCB in 5CB in the nematic
phase will provide further insights into the inﬂuence on
dynamics of the inherent long-range ordering of rod-like
nematogens.
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