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ABSTRACT: The long time scale orientational relaxation of o~ 0
nematogens in the isotropic phase is associated with the random- ¢, 1120;N 510.5‘\\
ization of pseudonematic domains, which have a correlation length (N § 00 ) ) )
that grows as the isotropic-to-nematic phase transition temperature is o

. . CsHyq BCzN © 05
approached from above. Here we begin to address the fast dynamics (- k«
of the nematogen molecules within the domains using two- =00 —t
dimensional infrared (2D IR) vibrational echo experiments. The CsH11S - §0,5 A
problems of performing ultrafast IR experiments in pure liquids are ((\\\) 00 | T
discussed, and solutions are presented. In addition, the issue of short - N 0 50 100 150 200
vibrational lifetimes, which limit the ability of 2D IR experiments to time (ps)

examine dynamics over a wide range of times, is addressed. The

experiments were performed on the nematogen 4-cyano-4’-pentylbiphenyl (SCB), with the CN stretch initially used as the
vibrational probe. Although the CN stretch has a small transition dipole, because the sample is a pure liquid it is necessary to use
an exceedingly thin sample to perform the experiments. The small sample volume leads to massive heating effects that distort the
results. In addition, the high concentration in the pure liquid can result in vibrational excitation transfer that interferes with the
measurements of structural dynamics, and the CN vibrational lifetime is very short (3.6 ps). These problems were overcome by
performing the experiments on the natural-abundance *CN stretch (5'*CB), which greatly reduced the absorbance, eliminating
the heating problems; also, this stretch has a longer lifetime (7.9 ps). Experiments were also performed on benzonitrile, which
showed that the heating problems associated with pure liquids are not unique to SCB. Again, the problems were eliminated by
conducting measurements on the '*CN stretch, which has an even longer lifetime (20.2 ps) compared with the ">CN stretch (5.6
ps). Finally, to extend the range of the dynamical measurements, 4-pentyl-4'-thiocyanobiphenyl (SSCB) was synthesized and
studied as a dilute solute in SCB. The CN stretch of SSCB has a vibrational lifetime of 103 ps, which permits dynamical
measurements to 200 ps, revealing the full range of fast structural dynamics in the isotropic phase of SCB. It is shown that the
SSCB probe reports essentially the same dynamics as $'*CB on the short time scale that is observable with the 5'*CB vibrational

probe.

I. INTRODUCTION

The orientational relaxation dynamics of nematic liquid crystals
in the isotropic phase differ greatly from that of traditional
liquids. These relatively long time scale dynamics have been
studied by a wide variety of time-'"* and frequency-domain®~°
experiments, including optical Kerr effect spectroscopy in our
lab.'*'* At temperatures above the nematic—isotropic phase
transition, the orientational relaxation dynamics are dominated
by the randomization of pseudonematic domains characterized
by a correlation length, £.'° As the nematic—isotropic transition
temperature is approached from above, £ grows as described by
Landau—de Gennes theory'® until it becomes infinite in the
nematic phase. The Landau—de Gennes theory accurately
describes the temperature dependence of the final slow
exponential orientational relaxation of the nematogens in the
isotropic phase. However, Landau—de Gennes theory does not
describe the nonexponential orientational relaxation that occurs
on time scales that are short compared with the final
exponential complete orientational relaxation. Orientational
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relaxation on both short and long time scales has been studied
experimentally with optical heterodyne-detected optical Kerr
effect (OHD-OKE) experiments'®'"'*'® and with theory."*
OHD-OKE experiments examine the collective orientational
relaxation dynamics on all time scales but do not address the
dynamics experienced by the individual nematogen molecules
within the domains and the dynamics arising from the full range
of molecular motions. To look at these dynamics, techniques
other than OHD-OKE experiments need to be employed.
Two-dimensional infrared (2D IR) vibrational echo spec-
troscopy provides a means of extracting subpicosecond to >100
ps time scale structural dynamics through the measurement of
spectral diffusion of a vibrational probe that is caused by the
evolution of a medium’s (liquid, protein, etc.) structure.'” "
Ultrafast vibrational echo experiments have been applied to the
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study of a broad range of condensed-phase systems, including
the hydrogen-bonding network in water, the folding of small
peptides, and the dynamics of a catalyst attached to a
monolayer.**~**

The 4-cyano-4'-alkylbiphenyl (nCB) series of liquid crystals
exhibit nematic phases for n = 5—9 and have been well-studied
using a variety of techniques.”®~7'%!"1345733 The first of these
compounds to be synthesized, 4-cyano-4'-pentylbiphenyl
(5CB), has a nematic—isotropic transition temperature of 3$
°C.* To study a liquid crystal by 2D IR spectroscopy, it is
necessary to have a vibrational probe that does not
fundamentally alter the nature of the liquid crystal under
study. The nitrile stretch of SCB is a sharp peak around 2230
cm™" and can act as a vibrational probe for 2D IR experiments.’
Nitriles have previously been shown to be adequate vibrational
probes, although they possess relatively small transition dipoles
and short vibrational lifetimes.*****”>* However, using the CN
stretch of SCB results in significant problems that ultimately
require a different approach.

To study the dynamics of the pseudonematic domains of
SCB, it is necessary to study SCB as a pure liquid. Dissolution
of SCB in traditional solvents eliminates the fundamental
liquid-crystal nature of SCB and prevents the formation of the
pseudonematic domains of interest. The high concentration of
vibrational probes in pure liquids complicates ultrafast mid-IR
experiments. Even for vibrational probes with weak transition
dipoles, samples of pure liquids must be exceedingly thin so
that the absorbance is not too great, a requirement for 2D IR
vibration echo experiments to be performed. In limiting the
optical density of the sample, the number of molecules excited
by impinging laser pulses is also decreased. In studies of water,
the hydroxyl stretch is used as the vibrational probe. To reduce
the heating problem, generally dilute HOD is studied in either
H,O (using the OD stretch as the probe) or D,O (using the
OH stretch as the probe).***>*"#35757 Eyen for isotopically
dilute water studies, heating is still readily evident.”*” In water,
heating shifts the equilibrium distribution of hydrogen bonds,
which produces new absorptions and residual bleaches in 2D IR
spectra and IR pump—probe spectra due to a shifted center of
the hydroxyl stretch spectrum.”® The new features last until
thermal diffusion cools the laser-heated spot. Studies of HOD
in H,O or D,O do not completely eliminate the heating
problems, but water dynamics are so fast that it is possible to
make meaningful measurements prior to the onset of the
deleterious effects of vibrational-relaxation-generated heating.

Besides unintentional experimental heating, 2D IR experi-
ments on pure liquids are more likely to be affected by
vibrational excitation transfer.>*”% Once again, the high
concentration of vibrational probes places the excited species
in close proximity to an unexcited identical species. As
excitation transfer decays as the distance to the sixth power,
pure liquids provide a prime environment for this phenomen-
on. Although there are no reports on vibrational excitation
transfer in SCB, multiple simulations suggest low-energy
parallel and antiparallel conformations of dimers in the nematic
phase.®’ ~® Several of these configurations place nitrile groups
on neighboring SCB molecules at a distance of 0.5 to 1 nm.*®
Thus, it is possible that vibrational excitation transfer occurs in
the pseudonematic domains of pure SCB. In water, studying
the OD stretch of dilute HOD in H,O or the OH stretch of
dilute HOD in D,O eliminates the possibility of vibrational
excitation transfer.

Here we address the problems encountered when performing
ultrafast mid-IR experiments on SCB as a pure liquid. As with
pure water, drastic heating of the sample occurs, obscuring the
underlying dynamics in the pseudonematic domains on all but
the shortest times. Dynamics can only be extracted from the 2D
IR spectra to ~6 ps. Even then, the measurements are possibly
contaminated by vibrational excitation transfer. We garner no
valuable information from this short window other than the
observation that the nitrile probe does not sample all possible
environments. We solved the problems associated with
examination of pure SCB using 2D IR by conducting
experiments on the natural-abundance *CN nitrile stretch of
5CB (5CB).

Analogous to pure water, the isotopic substitution of an atom
in the vibrational probe of 5CB shifts the center frequency of
the stretch. The combination of the frequency shift and the low
concentration afforded by the 1.1% natural abundance of
carbon-13 eliminates vibrational excitation transfer among the
dilute S"CB molecules. More importantly, the low concen-
tration of S"*CB allows us to prepare samples that are ~100
times thicker than in the studies of the *CN stretch (5'*CB).
Temperature changes in the sample are decreased by the same
magnitude; thus, 2D IR spectra are not contaminated by
heating or vibrational excitation transfer. The measurements
provide dynamical information to ~30 ps, limited by the
lifetime of the probe rather than the growth of heat-induced
peaks. The vibrational lifetime of 5°CB was found to be
significantly longer than that of $'>CB, demonstrating that a
different vibrational relaxation pathway occurs in the carbon-13
molecules compared with the carbon-12 molecules.**%

We confirmed that the strategy of natural-abundance carbon-
13 experiments is not a unique feature to SCB through the
study of benzonitrile. A thin sample of benzonitrile showed
even more dramatic heating effects than SCB, an issue that was
solved by making the sample much thicker and probing the
BBCN stretch. Just as with SCB, a vibrational lifetime increase
was also observed for the "*CN stretch versus the '?CN stretch.
This suggests the applicability of natural-abundance carbon-13
probes to other pure liquids containing a carbon in the
vibrational label (CO, CH, etc.).

To further increase the time range of the 2D IR experiments,
we synthesized 4-pentyl-4'-thiocyanobiphenyl (SSCB). We
then conducted ultrafast mid-IR experiments on the CN
stretch of dilute SSCB as a solute in SCB to increase the range
of the dynamical measurements. It has been shown that the
addition of a heavy “blocking” atom between a nitrile stretch
and the remainder of a molecule substantially increases the
lifetime of the vibration.®*"%® We found that SSCB as a solute
in SCB has a vibrational lifetime of ~100 ps. At short times, the
CN stretch of SSCB reports essentially the same dynamics as
5'3CB. The long lifetime of the CN stretch of SSCB allowed us
to measure the full range of fast structural dynamics in the
isotropic phase of SCB at 329 K, limited only by our present
ability to delay laser pulses to 200 ps. In subsequent work using
OHD-OKE experiments, we will show that the introduction of
a small amount of SSCB does not significantly alter the
pseudonematic domains, phase transition, and orientational
dynamics SCB. Therefore, SSCB can serve as a useful probe of
the dynamics of the isotropic phase of SCB.

Il. EXPERIMENTAL METHODS

A. Sample Preparation. SCB was purchased from Sigma-
Aldrich and used without further purification. SSCB was
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synthesized in a two-step procedure starting from 4-bromo-4'-
pentylbiphenyl. The aryl bromide was converted to 4-amino-4'-
pentylbiphenyl in a reaction analogous to those performed on
aryl halides by Lee.®” The resulting aryl amine was diazotized
and reacted with potassium and copper(I) thiocyanates to yield
5SCB.”*”" The crude brown product was purified with a silica
column, yielding a pale-yellow solid. The identity and purity of
this solid were verified by 'H and "*C NMR spectroscopy and
gas chromatography—mass spectrometry. Details of the syn-
thesis and product characterization are given in the Supporting
Information.

For FT-IR and ultrafast infrared experiments, SCB was
sandwiched between two 3 mm CaF, windows with a 3.5 ym
Mylar spacer (carbon-12 experiments) or 250 ym Teflon spacer
(carbon-13 experiments). For SSCB/SCB mixed sample
studies, approximately 2.5 mol % SSCB was dissolved in
SCB. The solution was then sandwiched between two 3 mm
CaF, windows with a 250 um Teflon spacer. In all cases, the
spacer thickness was chosen to obtain an FT-IR absorbance of
0.2 to 0.4 for the vibrational probe of interest.

B. FT-IR Spectroscopy. FT-IR experiments were con-
ducted with a Nicolet 6700 FT-IR spectrometer (Thermo
Fisher Scientific) with 1 cm™" resolution. The nitrile absorption
bands from SCB are at 2226 and 2174 cm™ for 5"?CB and
$"CB, respectively. No background corrections were per-
formed on SCB spectra, just baseline correction. The CN
stretch of SSCB was found to absorb at 2157 cm™); a scaled
spectrum of SCB was subtracted as background. FT-IR
experiments were performed at temperatures ranging from
298 to 349 K, maintained to +0.2 K with a PID temperature
controller.

C. Ultrafast Infrared Spectroscopy. The experimental
setup and methods for the IR pump—probe experiments and
2D IR vibrational echo spectroscopy have been described in
detail in previous publications.'””* A Ti:Sapphire oscillator and
regenerative amplifier pumped an optical parametric amplifier
(OPA). The OPA produced ~6 uJ, ~120 fs pulses at a 1 kHz
repetition rate. The IR center wavelength was tuned to 2225
em™! (§2CB), 2175 em™! (5*CB), or 2155 cm™! (5§SCB). The
mid-IR output of the OPA was split into two or four beams for
pump—probe or vibrational echo experiments, respectively. The
IR spot sizes at the sample were ~75 um.

In the IR pump—probe experiments, a strong pump pulse
and a weak probe pulse are crossed in the sample. The
polarization-selective pump—probe technique tracks the decay
of the probe transmission with polarizations parallel (I;) and at
the magic angle (I, 54.7°) relative to the pump pulse
polarization. The data contain information on population
relaxation (vibrational lifetime) and, depending on the sample,
orientational dynamics:

Ii(t) = P(t)[1 + 0.8C,(t)] (1)

I.(t) = P(t) ()

where P(t) is the vibrational population relaxation and C,(t) is
the second Legendre polynomial correlation function, which is
the transition dipole orientational correlation function for the
vibrational mode. Measurement of I, enables C,(t) to be
extracted from measurements of I if the orientational relaxation
is not too slow. The probe delay relative to the pump was <200
ps depending on the sample. The probe (signal) was dispersed
by a monochromator acting as a spectrograph and detected by a
mercury—cadmium—telluride 32-element array detector. The

1-2 transition portions of the data were analyzed to find
vibrational lifetimes, as all of the 0—1 transitions were
compromised by heat or by neighboring spectral features as
discussed in detail below. Probing the 1—2 transition provides
the same lifetime information as probing the 0—1 transition
because both decays occur as a result of relaxation from the first
vibrationally excited level, 1, to the ground vibrational level, 0.
Previously reported OHD-OKE experiments on SCB showed
that at the temperature studied here, 329 K, the exgonential
complete orientational relaxation occurs in ~10 ns."> On the
basis of the vibrational lifetimes of the various vibrational
probes, the longest of which is ~100 ps for SSCB, a 10 ns
orientational relaxation time is not observable with the IR
experiments. The OHD-OKE experiments, which measure the
derivative of the orientational correlation function (the
derivative of the polarizability—polarizability correlation
function) also showed that there is limited fast orientation
relaxation, which is manifested as a power-law decay in the
OHD-OKE experiments.'>'* However, the correlation function
itself decays negligibly on the time scale of the IR pump—probe
experiments. In the current experiments, I;(t) and I,,(t) were
expected and observed to be the same within experimental
error. Therefore, it is sufficient to take the orientational
relaxation to be very slow and not contributing to the pump—
probe data or the vibrational echo data as discussed below.

In the vibrational echo experiments, three excitation pulses
are crossed in the sample. The time between pulses 1 and 2 is
the coherence time, 7, and the time between pulses 2 and 3 is
the population time, T,. Nonlinear interactions give rise to a
fourth pulse, the vibrational echo, which emerges from the
sample in a unique direction at a time < 7 after the third
excitation pulse. The vibrational echo pulse is overlapped
spatially and temporally with an attenuated fourth pulse, which
serves as the local oscillator (LO). Interference between the
vibrational echo pulse and the LO pulse provides phase
information, and heterodyne detection amplifies the vibrational
echo. Data were collected by scanning 7 at fixed T,. As 7 is
scanned, the vibrational echo moves in time relative to the fixed
LO, creating a temporal interferogram. The heterodyned
vibrational echo, the signal, was frequency-resolved and
detected on the array, providing the vertical axis of the 2D
IR spectrum, @,, The interferograms measured at each ®,,
were numerically Fourier transformed to give the horizontal
axis of the 2D IR spectrum, @,. A series of 2D IR spectra was
collected as a function of T,.

Information on the structural dynamics of liquid SCB was
obtained from the change in the shape of the 2D IR spectrum
as a function of T,. The time evolution of the shape of the
5'2CB or 5"*CB band or the CN stretch band of SSCB reports
on spectral diffusion, which occurs because the frequency of the
CN stretch changes in response to the structural fluctuations of
the medium. A qualitative explanation of the experimental
measurement of spectral diffusion is as follows. The CN
absorption band is inhomogeneously broadened, that is, there is
a range of CN transition frequencies. At a given instant of time,
the center frequency of the CN stretch of a particular molecule
is determined by the liquid structure in the vicinity of the
molecule. The transition frequency of even a single molecule is
not a ¢ function because of homogeneous broadening, which is
discussed further below. Homogeneous broadening produces a
relatively narrow Lorentzian line shape. The ensemble of all
molecules gives the total absorption line, which is a collection
of narrow Lorentzians with a Gaussian distribution of center
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frequencies. The center frequency of a given molecule is not
fixed because the structure of the liquid in a molecule’s vicinity
evolves in time. The structural evolution causes the frequency
of a given molecule’s CN stretch to change with time. This is
spectral diffusion. On a sufficiently long time scale, all liquid
structures occur, and the CN vibration samples all of the
frequencies in the inhomogeneously broadened absorption
spectrum.

In the vibrational echo pulse sequence, the action of the first
and second pulses in effect “labels” the initial vibrational
frequencies of the CN vibrational oscillators. In the time
between the second and third pulses, T,, the liquid structure
changes, which in turn changes the frequencies of the CN
vibrations. The third pulse ends the population time, and the
emitted vibrational echo reports on the final frequencies of the
CN oscillators. When T, is very short, little structural evolution
occurs, and the readout frequencies are nearly identical to the
initially labeled frequencies. As T,, is increased, the environ-
ments in the vicinity of the CN oscillators change more and
more, and the emission frequencies are increasingly less
correlated with their initial frequencies. The loss of correlation
is manifested as changes in the shape of the 2D IR spectrum as
T, is increased. At short T, the spectrum is elongated along
the diagonal, as the detection frequency (@,,) is approximately
the same as the excitation frequency (@,). As the frequencies
become less correlated at long T,, the shape of the spectrum
becomes more symmetrical and is completely symmetrical
(round) when all of the environments have been sampled.
Thus, the rate of liquid structural change in the vicinity of a
vibrational probe is manifested in the rate of change in the
shape of the 2D IR spectrum.

The frequency—frequency correlation function (FFCF)
quantifies the spectral diffusion in terms of the amplitudes
and time scales of the dynamics. The FFCF is the joint
probability that a vibration with an initial (¢ = 0) frequency in
the inhomogeneous spectral distribution (inhomogeneously
broadened vibrational absorption line) will maintain its
frequency at a later time t, averaged over all initial frequencies.
To extract the FFCF from the T,, dependence of the shape of
the 2D IR spectrum, the center-line slope (CLS) method was
employed.”*’* The CLS provides a robust technique for
determining the FFCF from the 2D IR data that eliminates
many systematic errors.”>”* In addition, it is a direct observable
that can be plotted to illustrate the nature of the time-
dependent spectral diffusion dynamics.

The FFCF was modeled with a multiexponential form:

C(t) = (8w, 4(1)80,4(0)) = I A exp(—t/1) o
i 3

where A, is the frequency fluctuation amplitude of component i
and 7; is its associated time constant. A component of the FFCF
with A7 < 1 is motionally narrowed, and it is a source of the
homogeneous broadening of the absorption line. When a
component of the dynamics is motionally narrowed, A and 7
cannot be determined separately. The motionally narrowed
homogeneous contribution to the absorption spectrum has a
pure dephasing line width given by ['* = A’r = 1/zT¥, where
T% is the pure dephasing time. The observed homogeneous
dephasing time, T, also has contributions from the vibrational
lifetime and orientational relaxation:

1 1 1 1

=—+—+—
L T, 2L 3T, 4)

where T, and T, are the vibrational lifetime and orientational
relaxation time, respectively. The total homogeneous line width
is I' = 1/xT,. The orientational relaxation time in SCB is so
long (~10 ns) that this term makes a negligible contribution to
total homogeneous line width. The vibrational lifetimes of
5" CB and 5"CB are short enough to make non-negligible
contributions to the total homogeneous linewidths. The
lifetime of the CN stretch of SSCB is so long that it does
not appreciably contribute to the SSCB homogeneous line
width. The CLS, which is determined directly from the 2D IR
data, has been shown to be mathematically e(_}uivalent to the
normalized T,-dependent portion of the FECE.”>”* Combining
the CLS data with the linear absorption spectrum permits the
determination of the homogeneous contribution, and the
process yields the full FFCF.

lll. RESULTS AND DISCUSSION
A. "2CN Stretch of 5CB. The 2CN stretch of SCB (5'>CB)

gives rise to a fairly narrow peak centered at 2226 cm™, as

shown in Figure 1. (We use 5'*CB to indicate the ">CN stretch
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Figure 1. Normalized FT-IR spectrum of the CN stretch of SCB at
329 K. The CN stretch is at 2226 cm™ and is ~8.5 cm™ fwhm.
There is a small peak at 2174 cm™ that arises from the natural-
abundance CN stretch of SCB. The inset shows an expansion of the
BCN spectral region. The peak *CN absorbance is ~1% of the 2CN

absorbance, in agreement with the 1.1% natural abundance of carbon-
13.

of SCB and reserve SCB for the liquid composed of SCB
nematogens in the isotropic phase.) Although the transition
dipoles of nitriles are small, the high concentration of the pure
liquid requires the sample to be very thin (3.5 yum) to achieve a
reasonable absorbance for nonlinear experiments (i.e., below
0.4). The pump—probe magic-angle decay curve for the 1-2
transition of $'*CB was fit with a single exponential, yielding a
vibrational lifetime of 3.6 + 0.1 ps, which is consistent with
previous work on nitriles, where the lifetime ranges from ~1.5
to ~6 ps depending on the particular system.”>**** Pump—
probe spectra at several times are shown for 5'CB in Figure
2A. At short time (0.5 ps, black curve), the spectrum consists of
a positive-going peak caused by bleaching and stimulated
emission of the 0—1 transition and a negative-going peak
produced by the new 1-2 absorption resulting from pumping
population into the 1 level. By 7 ps (red curve), corresponding
to approximately two lifetimes of 5'*CB, a new negative-going
feature is clearly apparent in the pump—probe spectrum around
2222 cm™!. At 40 ps (blue curve), the negative band for the 1—
2 transition is completely gone, demonstrating that there is no
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Figure 2. Normalized magic-angle pump—probe spectra of (A) 5?CB
and (B) benzonitrile. For both samples, by 7 ps a negative feature is
growing in at a frequency ~3 cm™' lower than that for the 0—1
transition. As the delay increases (40 ps), the spectra are resolved into
a residual bleach and new absorption that persist for hundreds of
picoseconds, as shown in (A).

longer vibrational excitation. However, the spectrum displays
positive- and negative-going peaks of the same size at 2229 and
2222 cm™, respectively. At 190 ps (green curve), correspond-
ing to ~50 lifetimes of 512CB, these features remain unchanged.
We attribute the bleach in the ground state and the new
absorbance to a shift in the center frequency of $'>CB resulting
from heating of the sample. Heat-induced frequency shifts of
aromatic nitriles have previously been studied by Kasyanenko et
al.” in the context of intramolecular vibrational coupling.

The combination of a thin sample, a strong absorption, and
the low specific heat of SCB (~ 460 J mol™ K" at 329 K) is
conducive to temperature changes of tens of degrees following
vibrational relaxation given the amount of energy absorbed by
the sample from the pump pulse.*””® Temperature-dependent
FT-IR measurements carried out on SCB show a small red shift
of 5"*CB as the temperature is increased (see Figure S4 in the
Supporting Information). This is in agreement with the pump—
probe spectra, which display a bleach to the blue side of the
initial $'*CB center frequency and a new absorbance on the red
side. The persistence of these peaks beyond 200 ps supports
our conclusion that sample heating is their source. The heat
and the heat-induced long-time pump—probe signal dissipate
by thermal diffusion prior to the next pump pulse.

To verify that this heating is not just a feature unique to 5CB,
pump—probe experiments were carried out on a sample of
benzonitrile. As with SCB, the high concentration of 2CN in
pure benzonitrile required a very thin sample. In this instance,
the CaF, windows sandwiched benzonitrile without the
addition of a spacer to give an absorbance of 0.23. On the
basis of the absorbance of the "?CN stretch of benzonitrile with
known spacer values, the estimated thickness of this sample was
~0.8 ym. The pump—probe spectra of the *CN stretch of
benzonitrile at short and long times are shown in Figure 2B. At
0.5 ps (black curve), the spectrum consists of the positive-going
0—1 band and the negative-going 1—2 band. By 7 ps (red

curve), the negative-going heating band at 2223 cm™ is

apparent. At 40 ps (blue curve), the 1—2 band is gone, showing
that there are no vibrational excitations, and the positive and
negative heating bands are prominent. These new heating peaks
are even more prominent than in SCB, suggesting greater
heating. Even though the benzonitrile sample absorbs less
energy from the pump pulse, the thinner sample and lower
specific heat (172 J mol™ K" at 320 K) cause the benzonitrile
sample to change temperature drastically as a result of the
production of heat by vibrational relaxation following the pump
pulse.”’

The heating observed in the pump—probe spectra of 5'>CB
is also evident in and causes significant problems in the 2D IR
spectra. Figure 3 displays 2D IR spectra of 5'*CB at three values

2230

2220

@ (e’

2210

2220 2230
. (cm™)

2220 2230
o (cm™)

2220 2230
o; (cm™)

Figure 3. 2D IR spectra of 5'2CB at 329 K. At T,, = 0.5 ps (left), a
positive 0—1 band (red) and a negative 1—2 band (blue) are present.
The dashed line through the 0—1 band is the diagonal. Heating effects
are clearly evident at T,, = 8 ps (middle), where a new negative-going
absorption appears just below the 0—1 band. At T,, = 21 ps (right),
corresponding to ~6 vibrational lifetimes of 5'*CB, the two bands are
caused by heat from vibrational relaxation.

of T, The very short time spectrum (T, = 0.5 ps) shows two
bands. The red band arises from the 0—1 transition and is
positive-going. The blue band arises from vibrational echo
emission at the 1—2 transition frequency and is negative-going.
The center-to-center frequency difference along the w,, axis is
the vibrational anharmonicity of 52 CB. Consider the 0—1
band. The dashed line in the T, = 0.5 ps spectrum is the
diagonal. At short time, little spectral diffusion has occurred,
and the band is substantially elongated along the diagonal. The
width perpendicular to the diagonal at short T, is due to the
homogeneous component of the absorption spectrum. At T,, =
0.5 ps, little vibrational relaxation has occurred, and heat has
not affected the spectrum. At 8 ps (middle panel), when
approximately 90% of the vibrational excitations have relaxed to
the ground state and generated heat, a new negative-going peak
is evident just below the 0—1 band. At even longer T,’s (e.g,,
T, = 21 ps; right panel), the 1—2 transition band has decayed
completely, demonstrating that there are no longer vibrational
excitations. With no vibrational excitations, there should be no
signal. However, two peaks remain. These peaks correspond to
the positive-going residual bleach of the ground state and the
negative-going new absorbance, both caused by the shifted
5'*CB peak center resulting from heating. These bands are the
2D IR manifestation of the long-time heating bands in the
pump—probe spectrum in Figure 2A.

The peaks that appear as a result of heating in SCB impinge
upon the 0—1 transition of 5'?CB. The presence of these new
peaks affects the shape of the 5'CB 2D IR spectra. As the
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shapes of the spectra are our source of dynamical information,
no reliable information can be gleamed from the 2D IR spectra
once they are compromised by the manifestation of heat-
induced peaks. Heating effects are obvious when T, reaches 8
ps, but it is reasonable to assume that they alter the shape of the
spectra at earlier times as well. The first appearance of the new
negative-going absorbance is at approximately 6 ps, when
~80% of the energy has left the S'*CB vibration. If 6 ps is taken
as a maximum window of observation, the CLS decay of the
5'>CB band provides limited information on the dynamics of
SCB because of the short range of time that can be observed.
Even at 6 ps, the shapes most likely have some heating
distortion. The decay can be modeled by a number of
functions. As discussed in detail below, spectral diffusion is far
from complete at 6 ps.

Heating is not the only concern in a highly concentrated
solution. When molecular oscillators are very near each other,
there is the possibility of excitation transfer. Simulations of the
nematic phase of SCB suggest that dimers in parallel and
antiparallel conformations are present.®’ " Some of these
conformations place the nitrile groups of neighboring
molecules in close proximity to each other. Although nitriles
have fairly weak transition dipoles, the possibility of excitation
transfer still exists. The pseudonematic domains in the isotropic
phase of SCB studied here may also contain configurations of
SCB molecules that place nitriles near each other. Thus, the
CLS is conceivably further complicated by excitation transfer
from one "CN to another.

The study of a pure liquid by 2D IR is complicated by
heating effects and possible excitation transfer. The problem of
excitation transfer is circumvented and heating is reduced in
water by studying the OD stretch of dilute HOD in H,0.%*%
Experiments on SCB can also be facilitated by the examination
of a low-concentration isotopically labeled probe. The use of a
dilute isotopic probe was achieved through the use of natural-
abundance "*CN in pure SCB.

B. "*CN Stretch of 5CB. Closer examination of the main
portion of Figure 1 shows a small peak that is red-shifted by
~50 cm™ from the $'>CB vibration. The inset shows an
expansion of this spectral region. The small absorption peak is
due to the 3CN stretch of SCB (5"*CB; once again, we use
53CB to indicate the *CN stretch of SCB and reserve SCB for
the liquid as a whole). Simple reduced-mass calculations of a
nitrile stretch would place the S"*CB vibration at 2179 cm™".
The small shoulder at ~2200 cm™" can be similarly assigned via
reduced-mass calculations to a nitrile stretch with the CN
containing nitrogen-15. Additionally, the small peak at 2174
cm™! has an absorbance of ~1% of the $'2CB absorbance,
which is consistent with the 1.1% natural abundance of carbon-
13. Benzonitrile displays a similar shift for the *CN stretch,
with the peak at 2178 cm™ compared with the '*CN stretch at
2230 cm™1.”® Therefore, we are confident in the assignment of
the absorbance at 2174 cm™ to S"*CB.

Because 5'°CB is lower in concentration by a factor of ~100
relative to 5'CB, we were able to make samples many times
thicker and still have the absorbance of 5'*CB remain under
0.4. In the pump—probe and 2D IR experiments we performed,
the 5"*CB samples were ~70 times thicker than the equivalent
5'>CB samples. Because the samples are substantially thicker,
laser pulses of the same intensity will heat SCB by tenths of
degrees instead of tens of degrees. Heating of SCB by less than
1 °C does not cause a significant change in the center frequency
of either the SCB or 5"CB absorption. Therefore, using

S"CB as a vibrational dynamics probe instead of S'’CB
eliminates the heating effects observed when studying pure
liquid 5CB. In addition to the mitigation of heating problems,
study of S"*CB removes the possibility of excitation transfer
because of its low concentration. Therefore, utilizing natural-
abundance 5°CB as a probe as opposed to 5'?CB in ultrafast
IR experiments eliminates both the heating problems and
possible excitation transfer that distort the dynamical measure-
ments. Looking at natural-abundance carbon-13 can be
considered for the investigation of other pure liquids that
have a vibrational probe containing a carbon atom (CO, CH,
etc.).

Magic-angle pump—probe experiments on $'°CB were fit
with a single exponential, yielding a lifetime of 7.9 & 0.1 ps. The
lifetime was obtained from the 1—2 transition, as the 0—1
transition was obscured by the 1—2 transition of $'*CB. The
measured 5'3CB lifetime is approximately double that of 5'*CB.

To determine whether the extended lifetime of 5CB
relative to $'>CB is a feature unique to SCB, the vibrational
lifetimes of the *CN and CN stretches were measured for
benzonitrile. As with SCB, the benzonitrile *CN stretch has a
longer lifetime than the 12CN stretch (202 £ 0.1 vs 5.6 +£0.1
ps, respectively). Pump—probe decays for the CN stretches of
the four species are shown in Figure 4. The large difference in

1.0 — 5B

——5"cB
—— "C-Benzonitrile

0.8 H
—— "C-Benzonitrile
0.6 -
04 -

02

P (t) population relaxation

Figure 4. Normalized magic-angle pump—probe decays (solid curves)
of 5"CB (2204 cm™), 5°°CB (2154 cm™), and the *CN (2207
em™!) and BCN (2156 cm™?) stretches of benzonitrile at 329 K. All of
the decays are fit well with single-exponential functions (dashed
curves). Both SCB and benzonitrile show an increased vibrational
lifetime for the '*CN stretch compared with the >CN stretch.

the lifetimes of the *CN stretches versus the '*CN stretches is
evident. In Figure 4, the dashed curves are the single-
exponential fits to the pump—probe decays. The increase in
lifetime upon isotopic substitution is even more dramatic in
benzonitrile than in SCB.

The ~S0 cm™" shift of the vibrational excitation to lower
energy for the carbon-13 species causes a significant increase in
the vibrational lifetime. Vibrational relaxation requires the
initially excited mode to transfer its energy to a set of lower-
frequency modes that conserve energy. The receiving modes
can be both intramolecular and intermolecular, and there are
many possible pathways.®® The lowest-order pathway is third-
order and requires annihilation of the initially excited CN
stretch and the creation of two other modes that have energies
that sum to the initial energy. The strongest coupling is
generally to intramolecular modes. It is unlikely that there are
two intramolecular modes that have energies that sum exactly
to the initial CN stretch energy. Therefore, one or more quanta
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of the low-frequency continuum of bath modes of the liquid
(phonons) are necessary to conserve energy. As the phonons
are thermally populated, a phonon can be created or
annihilated as needed to conserve energy.65 For 2CN, the
short lifetimes of 5> CB and benzonitrile suggest a low-order
process, probably involving the creation of two benzene ring
modes and the creation or annihilation of a single phonon of
the bath. For the relaxation process to be fast, in addition to
strong coupling to intramolecular modes, it is necessary for the
phonon mode to be in a region of the phonon dispersion where
the density of states is high and the coupling is strong.

The substantial lengthening of the vibrational lifetime of
BCN can arise in a number of ways. First, the S0 cm™" shift to
lower energy could change the combination of intramolecular
modes that receive the energy. It might be necessary to involve
more intramolecular modes, which would be a higher-order
(and generally slower) process. It is also possible that the same
intramolecular modes are involved but the required bath
phonon mode shifts S0 cm™ to lower energy or possibly higher
energy if is necessary to annihilate a phonon rather than create
one. For non-hydrogen-bonding liquids, the phonon spectrum
extends to several hundred wavenumbers. Both SCB' and
benzonitrile”” have bath densities of states with a broad
maximum in the range ~20 to ~100 cm™" that extend to ~200
cm™ . If for '>CN the required phonon is near the peak of the
density of states (e.g, 60 cm™') and has good coupling, a shift
of S0 cm™ to lower or higher energy would greatly reduce the
density of states, and the mechanical nature of the phonon
mode will change, which could reduce the coupling.

The extended lifetime of aromatic nitriles upon carbon-13
isotopic substitution of the carbon atom may be useful for
ultrafast infrared experiments on peptides and proteins that use
the CN stretch of the artificial amino acid cyanophenylalanine
as the vibrational dynamics probe. Studies of peptide dynamics
have been limited by the short vibrational lifetime of the >CN
stretch.”>***% Using '*CN-cyanophenylalanine could sub-
stantially increase the range of dynamics that can be measured
with 2D IR spectroscopy.

By using 5"°CB as the vibrational probe, we eliminated the
issues due to heating and possible excitation transfer.
Therefore, we were able to acquire 2D IR spectra that
accurately depict the dynamics in the pure liquid crystal. The
CLS decay obtained for $'*CB extends to waiting times of 28
ps, limited only by the lifetime of the vibration. Figure S shows
the CLS data (black points) with the fit to a biexponential
decay (black curve). The decay time constants are 7, = 2.8 +
0.7 ps and 7, = 37 + 4 ps. As with 5'>CB, spectral diffusion is
not complete at the end of the experimental window, which is
limited by the 7.9 ps vibrational lifetime. Data could be
collected to approximately 3.5 lifetimes before the signal
became so small as to make the data unreliable. Although the
S CB experiments allowed us to circumvent the problems
observed with $'*CB and greatly extend the time range over
which spectral diffusion can be observed, 5'*CB does not have a
long enough lifetime to monitor the full extent of the structural
evolution in SCB.

C. 55CB as a Vibrational Probe of 5CB Dynamics.
Figure 6 shows an FT-IR spectrum of ~2.5 mol % SSCB as a
solute in SCB. The CN stretch absorption of SSCB at 2157
cm™! is comparable in strength to 5CB. The position and
shape of the SSCB CN stretch peak provide further
confirmation of the success of the synthesis, as aromatic
thiocyanates have CN stretching mode frequencies around

0.6 [ ® Neat 5CB
® Containing 5SCB
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CLS (T,)
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Figure 5. The 2D IR CLS curves for 5"*CB in neat 5CB (black) and in
5CB containing 2.5 mol % SSCB (red). Unlike the 5'>CB samples, no
significant heating effects are observed in the 2D IR spectra of 5'*CB.
The acquired CLS data at 329 K are limited only by the vibrational
lifetime of the probe. The biexponential fits to these curves are
identical within small experimental error, demonstrating that the small
amount of SSCB does not perturb the microscopic properties of the
isotropic phase of SCB.
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Figure 6. Normalized FT-IR spectrum of 2.5 mol % SSCB in SCB
with a 250 ym spacer at 329 K. The CN stretch of SSCB is at 2157
cm™' with ~8.5 cm™ fwhm. Although there is a small amount of
overlap of the CN stretch of SSCB and the $"*CB spectrum, the
separation of ~17 cm™ is sufficient for the 2D IR experiments as
shown in Figure 7.

2155 cm™" and narrow line shapes.”"®'~* Because of the low
concentration of SSCB in SCB, the sample thickness for IR
experiments could be increased with negligible heating due to
laser excitation and the absence of excitation transfer.

Using the CN stretch of SSCB as a vibrational probe
provides a much longer experimental time window because of
its long lifetime. As SSCB is structurally very similar to SCB, we
anticipated that the dynamics of SCB would not be significantly
perturbed and that the macroscopic properties of the SCB
nematogens in the isotropic phase would not be substantially
changed by the addition of a small amount of 5SCB. We
conducted detailed temperature-dependent OHD-OKE experi-
ments on samples of SCB with 2.5 mol % SSCB in the same
manner as in previous studies of nematogens, including SCB, in
the isotropic phase.">'* These experiments will be discussed in
detail in future work. The mixed sample followed the same
Landau—de Gennes temperature dependence of the orienta-
tional relaxation as in pure SCB. The only difference was that
the isotropic-to-nematic phase transition temperature is shifted
by ~3 K to lower temperature.
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To confirm that the microscopic properties of SCB are
relatively unaffected by the addition of 5SCB, 2D IR
experiments were performed on S5"CB when SSCB was
present as a solute. Figure S shows the CLS curves obtained
by monitoring the 5$"*CB band in neat SCB (black points) and
in SCB containing 2.5 mol % SSCB (red points). The curves
through the data points are biexponential fits. Within a small
experimental error, the S"?CB spectral diffusion with SSCB
present is identical to that of the neat sample. The time
constants and amplitudes of the biexponential fits are the same.
The sample with SSCB has a slightly smaller homogeneous line
width, which is evidenced by the ~0.03 larger intercept on the
®,, axis. The homogeneous component is caused by ultrafast
fluctuations, typically faster than 100 fs. It is not clear whether
the difference in the intercepts of the two CLS curves in Figure
S is real. If it is real, then the addition of SSCB causes a very
small change in the ultrafast structural fluctuations. The
experimental window is 25 ps, as determined by the lifetime
of the $"*CB vibration. The biexponential fit describes the data
well over this limited time window, but as shown below, it does
not provide a complete measurement of the dynamics.

Magic-angle pump—probe experiments on the CN stretch of
SSCB showed no evidence of significant heating in the sample.
The 1-2 transition of 5'*CB obscures the decay of the 0—1
population of the CN stretch of SSCB; thus, the vibrational
lifetime of the CN stretch of SSCB is taken from its 1-2
population decay. The lifetime of the CN stretch of SSCB is
103 + 1 ps. The introduction of the blocking sulfur atom
increases the lifetime by factors of ~28 and ~14 relative to
$">CB and S"CB, respectively. A similar increase has been
observed for C,H,CH,CN and C,H;CH,SCN in CCl,
solution, where the vibrational lifetime increased from 5.5 to
84 ps.®® The presence of the heavy sulfur atom inhibits
vibrational relaxation into the modes of the rest of the
molecule, resulting in the large increase in the vibrational
lifetime.

While 2D IR experiments on 5'°CB were limited by the
lifetime of the vibration, experiments on the CN stretch of
SSCB in SCB are presently limited by the length of our delay
lines. 2D spectra were acquired to a waiting time of 180 ps,
which is still less than two lifetimes of the vibrational probe. In
view of the strength of the signal at 180 ps, it is reasonable to
project that it is possible to acquire data to substantially longer
times.

Figure 7 shows 2D IR spectra in the spectral region of the
CN stretch of SSCB. At T, = 0.5 ps (left panel) there are two
sets of bands that correspond to the two absorption peaks
displayed in Figure 6. The red peaks arise from the 0-1
transitions and are positive-going. Below the positive peaks
along the w,, axis are the negative-going peaks that occur from
vibrational echo emission at the 1—2 transition frequency. The
difference in the frequencies of the 0—1 and corresponding 1—-2
peaks along the w,, axis is the anharmonic shift caused by the
anharmonicity of the vibrational potential. Both sets of peaks
are visible at T,, = 0.5 ps because this time is short relative to
both lifetimes, 7.9 ps for 53CB and 103 ps for the CN stretch
of 5SCB. The right panel shows the 2D IR spectrum at T,, =
180 ps. Only the CN stretch of SSCB bands are shown because
they are the only bands in the 2D IR spectrum that survive out
to this long time. This T,, of 180 ps corresponds to 23 lifetimes
for $"*CB, which means the signal is decreased by a factor of
10'°, making it undetectable. The change in shape of the CN
stretch of SSCB in the 2D IR spectrum in going from 0.5 to
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Figure 7. 2D IR spectra of the CN stretch of 2.5 mol % SSCB in SCB
at 329 K. At T,, = 0.5 ps, 0—1 (red) and 1—2 (blue) transitions are
seen for both the CN stretch of SSCB (lower frequency) and 5*CB
(higher frequency). The 5'*CB signal decayed completely by ~30 ps
because of the short 7.9 ps vibrational lifetime, but the CN stretch
transitions of SSCB are readily detectable at T,, = 180 ps because the
CN vibration of SSCB has a long lifetime of 103 ps.

180 ps is clear, and it provides the basis for the determination
of the FFCF.

To ascertain whether the SSCB probe reports the same
structural fluctuations as $'*CB, the early-time CLS data for the
CN stretch of SSCB were compared to those for S"*CB. Figure
8 shows the CLS curves for both species, and the full set of

CLS (T,)

0. 1 | I B | ] |

' 0 20 40 60 80 100 120 140 160 180
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Figure 8. CLS decay curves for the CN stretches of SSCB in SCB
(black) and $"CB in SCB (red). The range of the 5'*CB data is
limited by the short vibrational lifetime of the *CN stretch (7.9 ps).
Fits to the CN stretch of SSCB with a biexponential function over the
limited time range of the 5'3CB data show that the decay constants are
the same within experimental error (see Table 1). However, because of
the long lifetime of the CN stretch of SSCB (103 ps), the data can be
taken out to much longer times. The full range of the data shows that
the decay is actually triexponential with time constants and other
FECF parameters given in Table 1.

FFCF parameters is given in Table 1. The FFCF parameters
were obtained usin% the CLS parameters and the linear
absorption spectra.”*’* The time constants obtained from the
CLS are also the FECF time constants.”>”* The FECF gives the
true amplitude factors in frequency units rather than unitless
normalized amplitudes, and it gives the homogeneous
component of the absorption spectrum. When the data for
the CN stretch of SSCB were fit only to the first 25 ps of the
CLS decay with a biexponential, which is consistent with the
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Table 1. FECF Parameters

vibrational probe sample A, (em™)% 7, (ps) A, (em™)® 7, (ps) A; (em™)® 75 (ps) I' (em™) T, (ps)

58CB neat SCB 1.3 + 02 28 + 0.7 22 +02 37+ 4 - - 31+03 34 +03
5"°CB SCB with SSCB 13 + 02 2.8 +0.7 22402 38 + 4 - - 3.0+03 3.5+03
SSCB, short time SCB with 5SCB 20+ 02 20+ 03 2.7 +£02 40 + 3 - - 2.5 +0.28 4.2 + 04
SSCB, full range SCB with 5SCB 1.8 + 0.2 1.6 + 0.4 19+ 02 14 + 4 21 +02 111 £ 12 2.5 +£0.25 42 + 04
52CB® neat SCB 3005 94x1 - - - - 33+03 33+03

“The A, are the standard deviations of the i component of the inhomogeneous contribution to the absorption line. The standard deviation of the
total inhomogeneous line width is (Z,Aiz)l/ 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, I, with the fwhm of the inhomogeneous component. The total absorption line shape is a Voigt profile. "As
discussed in the text, these data cover a very limited time range and are likely contaminated by heating effects and possibly vibrational excitation

transfer.

fitting function used for the available data for 513CB, the time
constants of the decays were the same within experimental
error (see rows 2 and 3 of Table 1). The CN stretch of SSCB
has a somewhat smaller homogeneous line width, I', and
slightly larger inhomogeneous amplitudes, A, and A,, than
5"*CB when both are dilute in SCB (compare rows 2 and 3 in
Table 1), although all of the parameters are almost within the
experimental error. There is uncertainty in the $'’CB
homogeneous line width I' (the homogeneous dephasing
time T,) because of problems determining the linear absorption
spectrum accurately. We were unable to obtain an accurate line
width from the FT-IR spectrum of S"*CB because of the
background from the very large neighboring 5'?CB peak. While
the CLS gives the T, -dependent parameters, both the CLS and
the linear absorption spectrum are necessary to obtain the
homogeneous line width. Thus, there is uncertainty in the
homogeneous line width, and the difference between the
homogeneous line widths of $”°CB and SSCB may be in part
due to experimental error. However, in spite of the uncertainty
in the value of the homogeneous line width for 513CB, it is clear
from the CLS data in Figure 8 that at T,, = 0.5 ps the SSCB line
has a smaller homogeneous contribution to the total line than
$'3CB. This is seen from the T, = 0.5 ps values: the 5"°CB
value is ~0.55 while the SSCB value is ~0.67. The smaller
homogeneous contribution to the total absorption line of SSCB
is actually beneficial, as it permits the observation of the time-
dependent structural evolution of a larger fraction of the liquid
structures that contribute to the total absorption spectrum. It is
clear from these experiments that SSCB performs well as a
probe of the dynamics of SCB in the isotropic phase. An
important point is that the limited time range that can be
accessed using S'*CB as the probe does not yield the full
picture of the dynamics.

The long lifetime of the SSCB probe (103 ps) allowed us to
examine a much wider experimental time widow that provided
a much more complete picture of the dynamics of the SCB
nematogens the isotropic phase. The CLS decay of the CN
stretch of SSCB to 180 ps is shown in Figure 8. Once the
greater range of data was available, it became clear that the
biexponential fit used for the 513CB data set, which extends
only to 25 ps, is not an adequate description of the dynamics.
The full range of data shown in Figure 8 (black points) can be
modeled well by a triexponential function. The triexponential
fit has time constants of 1.6 + 0.4, 14 + 4, and 111 + 12 ps.
The full set of FECF parameters is given in Table 1, row 4. It is
not surprising that CLS data to a T,, of 25 ps were unable to
report on a time constant of ~100 ps. The 111 ps component
of the true decay caused 7, for the slower component of the
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biexponential fit to the S'*CB data to be too long. Figure 7
shows that the data at 180 ps are still good. As noted above,
currently the length of our delay line limits us from going to
even longer times. The CLS for the CN stretch of SSCB at 180
ps has a value of ~0.0S out of 1, and the data shown in Figure 8
are clearly still decaying. Therefore, it is likely that there is not
an even slower component. A new delay line with a range to 2
ns will be used subsequently to extend the range of the data.

In an effort to improve our experimental time window even
further, we synthesized 4-pentyl-4'-selenocyanobiphenyl
(5SeCB), which has an even longer vibrational lifetime due
to the heavier selenjum atom. (The synthesis will be discussed
in future work.) Our preliminary determination of the lifetime
is limited by our current delay line, but we estimate a lifetime of
300 to 400 ps. This is again in agreement with an extended
lifetime of 282 ps reported for C,H;CH,SeCN in ccl,.5¢
While the use of SSCB and the current delay line are adequate
for the determination of the dynamics at 329 K, as the
temperature is lowered toward the isotropic-to-nematic phase
transition temperature, ~308 K, the dynamics will slow. The
use of 55¢CB and the long delay line will facilitate the
examination of the dynamics as the phase transition is
approached.

IV. CONCLUDING REMARKS

Pump—probe spectroscopy and 2D IR vibrational echo
experiments were conducted to investigate the fast dynamics
in the pseudonematic domains of the nematogen 5CB in its
isotropic phase. To maintain the liquid-crystal properties of the
sample, SCB must be studied as a pure liquid. The problems
associated with studying a pure liquid include drastic heating
and possible vibrational excitation transfer. As with experiments
to investigate the dynamics of water, we mitigated these
problems by employing an isotopically labeled probe. Ultrafast
mid-IR studies of water have utilized the OD stretch of a small
amount of HOD in H,0.>***7% Here we have conducted the
first 2D IR vibrational echo experiments on a probe containing
natural-abundance carbon-13, namely, the natural-abundance
BCN stretch in SCB. This strategy allowed us to make samples
approximately 100 times thicker, eliminating any significant
effects from heating in the sample. In addition, the low
concentration of 5"*CB eliminates the possibility of vibrational
excitation transfer. This strategy can be applied to the study of
other pure liquids that contain a carbon in the vibrational
probe.

We have found that 5'*CB has a vibrational lifetime
approximately twice that of S'*CB. The increased lifetime of
the '*CN stretch is not unique to SCB; the “CN stretch of
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benzonitrile was found to have an ~4-fold longer vibrational
lifetime than the 'CN stretch. The substantial increase in
lifetime for both molecules suggests that a different vibrational
relaxation pathway occurs because of the approximately 50
cm™" red shift of the *CN stretch relative to the '*CN stretch.
This vibrational pathway could require more intramolecular
vibrational modes, different phonon modes of the bath, or both.
Increased vibrational lifetime upon carbon-13 substitution in an
aromatic nitrile could prove useful in other contexts, such as the
study of protein dynamics with '*CN-cyanophenylalanine.

To study the full range of fast dynamics in the isotropic
phase of SCB, we synthesized SSCB, which was employed as a
dilute vibrational probe in SCB. The sulfur atom between the
biphenyl moiety and the nitrile group in SSCB slows the
vibrational relaxation, allowing us to collect 2D IR spectra to
~200 ps. We showed that the microscopic dynamics reported
by the CN stretch of SSCB are essentially the same as those
reported by 5'°CB over the limited time range of 25 ps over
which measurements could be made using the 5'°CB probe.
However, the measurements out to much longer times using
the SSCB probe demonstrated that the measurements over the
shorter time window gave an incomplete and inaccurate picture
of the structural dynamics of SCB. The longer experimental
window afforded by SSCB and the even longer time range that
will be possible using 5SeCB will let us study the temperature
dependence of the fast dynamics of SCB as the isotropic-to-
nematic phase transition is approached. The influence of
pseudonematic domains on an individual probe molecule will
be assessed through a comparison to the spectral diffusion of
SSCB in 4-pentylbiphenyl, a molecule that is structurally similar
to SCB but not a nematogen. These measurements will be
augmented by temperature-dependent studies of SCB orienta-
tional relaxation dynamics measured with OHD-OKE experi-
ments.”> A schematic mode coupling theory (MCT) of the
OHD-OKE measurements of nematogens in the isotropic
phase yields both the orientational correlation function and the
density—density correlation function."* In a future paper, we
will discuss density fluctuations as the apparent cause of
spectral diffusion in the liquid crystal SCB.
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