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We report an experimental investigation of the dynamics of the dipole correlation functions in selected liquid
benzenes (812, CeHe, CsDe, CsHsFs, and GFg). Using terahertz time domain spectroscopy, we have measured

the complex frequency response, i.e., both index of refraction and absorption, in the range from 0 to 2.5 THz
(0 to 83 cnt?), where the response is dominated by collective collision-induced processes. We have analyzed
the data using the Mori memory function formalism and obtained dipole correlation function dominated by

a simple exponential decay for all the substituted benzenes. The observed decay times are shorter than typical
reorientation times and proportional to the free rotation time of the molecules. This indicates that small
angle librational motion is responsible for the dipolar absorption observed.

Introduction detection of the radiation requires cryogenic equipment. Con-
As the theoretical and experimental methods in chemistry SEAuently, spectroscopy in the-000 cnt! range has been a
advance, there is a growing interest in understanding the detailed”®"Y challgnglng.experlm'ental task.' This S'“,Jat'on recently
microscopic mechanisms controlling chemical reactivity in the changed with the introduction of THz time domain spectroscopy

liquid phase: A central theme in these efforts is the under- (TDS)® This technique, in brief, consists of a bright ultra-
standing of the ultrafast energy exchange between solvent and’road-band pulsed THz emitter and a highly sensitive room
solute2# An obvious problem is the formulation of a molecular temperature detector, both driven by a femtosecond optical
theory in the liquid phase where the degrees of freedom arepulse. In addition to advantages in sensitivity and bandwidth,
numerous. This has led to the description of liquids based on the THz-TDS technique allows for the measurement of both
macroscopic variables, such as the dielectric function in the index of refraction and absorption coefficient simultaneously,
frequency domain or equivalently the dipole correlation function a prerequisite if one wants to obtain the dipole correlation
in the time domain. The dipole correlation functioGy(t), function.
describes the correlation between the macroscopic polarization, e report an investigation of the far-infrared properties of
M, of a sample at timé= 0 and the same polarization at later |iquid benzenes, focusing on the dipole correlation functions,
timest. investigated using THz time domain spectroscopy. The absorp-
N N tion of liquids is different in nature for polar and nonpolar
_ liquids”~1° Absorption in polar liquids is (mainly) due to the
O = MOMO= DIZﬂ(O) #(O8 @) interaction with the permanent dipole moments of the individual
molecules. The electric field from the THz pulse (or another
The correlation function is obtained from the single molecule source) partly aligns the dipoles, and subsequently inter-
correlation functioni(= j) and cross terms correlating dipole molecular collisions remove the orientational order (Debye
moments on one molecule with dipole moments on other relaxation). This relaxation takes place with a time constant
molecules i(= j). The correlation function describes how an (rp) ranging from 0.1 to 40 ps and gives rise to a strong
induced polarization is dissipated in the liquics., in other absorption in the THz range, peakingat= 1/rp. For nonpolar
words, a description of the dynamics of solvation. This is molecules, the much weaker absorption originates both in the
illustrated in the observation of dynamical Stokes shifts observed transient dipole moments induced via collisions in the liquid
in time-resolved fluorescence spectroscopy. The ultrafast and in the interaction between higher moments, typically
solvation of_an eXC|te_d state dipole moment is described using quadrupole-quadrupole and quadrupetinduced-dipole inter-
the correlation function. Both experiments and theory show 4ctions. In the present case for the substituted benzenes, the

tzhszajZGO%—?(g%j of the So':_j/?m relﬁxa}tion. olccur§ Wit?iﬂ the ﬂrﬁt quadrupole-quadrupole interactions can be very strong, even
vent Si | colrresp:)nd'm(? toTthe '”etf“al motlorr? t ef(srntg ) comparable to the dipotedipole interactions, due to the high
solvent mojecules studied. eoretical correlation functions polarity of the individual G-H and C-F bonds. On the basis

have been calculated using molecular dynamics simulations, butof measurements of dynamical Stokes shifts and solvatochro-

until recently there were no experimental techniques sitable matic shifts, it has recently been demonstrated that the distinction

for direct measurements of dipole correlation functions. bet | | lelv based th f
The reason for this can be understood by considering the etween pofar or nonpolar Sol€ly based on the presence of a

spectral response of the correlation functions. With solvatization permanenlt glpole momentis not valid for pure a”“,' halogenated
times ranging from below 25 fs to picoseconds, the spectral benzenedl!?2 There is also speculation that pair formation

response of a liquid is in the tetrahertz (THz), or far-infrared Petween some of the molecules can play a role. For 1,3,5-
(FIR), part of the electromagnetic spectrum. Very few bright trifluorobenzene a dimer structure, with the benzene ring rotated

and broad-band sources exist in the THz range, and furthermoredy 60 thereby allowing the F atoms on one molecule to make
a strong hydrogen bond with a second molecule, has been

® Abstract published irAdvance ACS Abstractguly 1, 1997. suggested317 For a 1:1 mixture of benzene and hexafluo-
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T T ' T T the frequency increase and approkéfn, the thermal population
1000 ¢ - 3 function becomes asymmetric. Conventional far-infrared
i Fourier transform techniques have a practical lower limit around
3 50 cnm! (1.5 THz), and typical microwave spectrometers have
an upper limit around 0.15 THz. THZTDS, however, seems
] to be a well-suited technique for liquids. The spectral coverage
is perfect; both index and absorption are obtained, and the
experimental procedures and requirements are quite simple.
As evident from eq 3 and Figure 1, there is a problem
associated with the singularity a zero frequency in the thermal
0.1 population function. The absorption coefficient goes to zero
30 20 10 00 10 20 30 as the frequency goes to zero, but in a measurement, the finite
signal-to-noise ratio will introduce noise around zero frequency,
Frequency [THz| which potentially can alter the dipole correlation function
Figure 1. Thermal population factor used in the determination of the Obtained. In order to circumvent this problem, we have fitted
correlation function, shown as function of the frequency. Only a narrow the measured absorption curve to an analytical expression for
frequency range arounti2 THz effectively contributes to the correla-  the absorption coefficient and use the smooth analytical curve
tion function. At zero frequency the thermal population factor is infinite, tq calculate the correlation function.
and the curve is only shov_vn for frequencies I_ar_ger thar_1 0.03 THz. Note It has previously been demonstraté®ithat the memory
also the slight asymmetry in the curve, most visible at higher frequencies function formalism is ver fuli ducina the detailed
wherehv ~ kT. The asymmetry makes the correlation function complex, ] y success ufin reproducing the g a! e
provided that the frequency spectrum of a extends to higher frequencies.Shape of the far-infrared absorption curves for nonpolar liquids.

) ] ) ] Using a second-order memory function, one obtains the fol-
robenzene this pair- formation can be so strong that the mixture|owing expression for the absorption coefficient.

solidifies at room temperatufé.

12

[v(1-exp(-hv))]" [10™]
=

100 ¢

Ew’yKK,

Theoretical Background a(w) =
YK, — 0% + 0w’ — Ky — K]?

(6)
Before describing the results, we briefly outline the relation-
ship among the time domain representation of the molecular
dynamics, the correlation function, and the frequency domain
description of the molecular properties, corresponding to the
index of refraction and absorption coefficiéftln the frequency
domain, the absorption coefficient can be calculated as the
Fourier transform of the dipole correlation function, multiplied
with a frequency-dependent prefactor. In equ@p) andn(w)
are the absorption coefficient and index, respectiveff) is
the dipole correlation function, and is the inverse of the
thermal energy XT.

_ 2nw(1 — exp(—phw)) o . In Figure 2 we have shown the experimental results for index
- An(w)c f L expCian at - (2) and absorption coefficients, obtained from transmission mea-
surements as described in detail in refs 5 and 7. The uncertainty
It is straightforward to invert eq 2 and instead obtain an in the absolute value of the measured index of refraction is
expression for the dipole correlation function, based solely on determined by the uncertainty in the measurement of the cell

The memory function is very efficient in reproducing the
experimental data, but a drawback of the approach is that one
cannot directly related the parametdfs y, Ko, and K; to
molecular parameters. Only in certain approximate models can
one associate the memory function parameters directly to
molecular parametefd. As an example of this type of approach,
we will analyze the THz2TDS spectra of some substituted
benzenes in the following.

Results and Discussion

o(w)

the measurable quantitiegw) andn(w). thickness determining the sample length. We estimate this
H uncertainty to+0.0025 on the absolute value of the indices.

C(t) = f‘” a(w) n() expiot) do  (3) The uncertainty on the .shape of the index curve, th_e dispersion,
— 2no(1 — exp(-fhw)) is an order of magnitude lower. The uncertainty in the

absorption measurements is determined by the stability of the
entire THz setup during the two scans with and without liquid
sample. On the basis of the reproducibility of the results, we
(@) hc 1 (@) n(w) @ estimate uncertainty ofi(v) to be £2.5% at 1 THz with a
w = —_— a w w . . . . _ . .
27 (1 — exp(phw)) 2¥%Egysr;gztenrj;ncertamty at the high- and low-frequency wings

The dipole correlation function is then simply obtained as the  The measured absorption data were fitted to the second-order

In the literaturé® the integrand in eq 3 is often denoted the
spectral function or the line shape functid(w),

Fourier transform of the spectral function, memory function, and the parameters obtained are summarized
. in Table 1. We have included previously publisheta on
cit) = ‘/:ml(w) exp(wt) dw (5) cyclohexane and benzene in Table 1 for completeness. Implicit
in the memory function formalism are a set of sum rules relating
The presence of the thermal population factor, equab{d |- the parameter¥o and K; to the expressions involving the

exp(phw))] 7L, related to the Bose factor used in light scattering moment of inertia an#T.2! In Table 1 we have included two
experimentd?is crucial in selecting a limited frequency interval  entries, where the sum rules were used in an attempt to bring
from 0 to 2 THz effectively determining the time dependence the parameter&, and K; on a common scale. The fact that
of the correlation functioR? In Figure 1 we plot the thermal  this is not possible indicates that the memory formalism, as
population factor as function of frequeney= w/2z. For small expressed in eq 6, is mainly a fitting expression, where it is
frequencies, the weight factor is proportional t0? and difficult to relate the individual parameters to molecular
symmetric around the divergence point at zero frequency. As properties. Using the fitted memory function, we have con-
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Figure 2. Index of refraction and absorption coefficient for the

substituted nonpolar benzenesDg C¢HsFs, and GFe.

TABLE 1: Fitting Parameters for the Mori Function Shown
in Eq 62

CeH1® CeHe® CeDe® CeHaFs  CoFe’
E, ps cnT?! 0.081 0.72 0.75 0.989(8) 0.45
" ps 50 19 31  2014) 15
Ko, ps2 80 71 99 312(4) 25
Ky, ps2 1000 250 551 211(4) 154
TDCF, ps 0.22 0.16 0.16 0.29 0.36
coye 007 081 081 1 0.44
le,! 10%kgn? 2.3 2.92 3.35 9.76 16.8
Tfr,9 ps 0.54 0.61 0.65 1.1 1.5
Kot?:e 0.61 0.68 1.1 1 1.47
Kit%.© 1.15 0.36 0.91 1 1.36
TDCFJTfr 2.5 3.8 4.0 3.7 3.5

aFor the best fit, GHsFs, we have included the uncertainty of the

parameters, given as one standard deviation. Note also that in the

original publicatiori Ko was incorrectly given as 800 for cyclohexane.
b Reference 7¢This work.9 The amplitude of the real part of the
correlation function at= 0. ¢ Normalized to GHsFs. f Calculated using
Gauss929 1y, = (271/9)(les/KT)Y2
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Figure 3. Lower part of the Figure shows the measured absorption
coefficient (points), and the fitted curves, corresponding to eq 6 are
shown as dashed lines. The upper part of the Figure shows the
normalized spectral function] (points) obtained from eq 4 using
the measured index of refraction and absorption coefficient. The full
line corresponds to a Lorentz curve. Note the weak asymmetry of the
spectral function. This asymmetry is responsible for the nonzero
imaginary part of the dipole correlation function shown in Figure 4.
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Figure 4. Real part and imaginary parts of the dipole correlation
functions, obtained by Fourier transforming the line shape functions
shown in Figure 3. We have included the data for cyclohexane
previously published in ref 7. The correlation functions have all been
normalized to the amplitude of the real part of the correlation function
for CsHsFs. The full line is a single-exponential decay fitted to the real
part of the correlation function.

verted the measured index and absorption data to the line shapdave fitted the correlation functions to a single-exponential

function|(w) using eq 4, and by Fourier transformation this is

decay,C(t) = C(0) exp(t/zpcr), and the decay times for the

used to obtain the dipole correlation functions as shown in benzenes are summarized in Table 1. For cyclohexane, with

Figures 3 and 4.
For all the correlation functions, there is a weak imaginary

the smallest moment of inertia, we obtain a decay time of 0.22
ps whereas the fluorinated benzenes, with larger moments of

component corresponding to the quantum contribution, as showninertia, the decay time is 0.30 ps (1,3,5-trifluorobenzene) and

in Figure 4. This contribution originates in the asymmetry in
the thermal population function for frequencies whieve> KT.
The imaginary contribution to the correlation functions are
6—7% for the lightest molecules ¢Hs CsHiz, CsDs) and
smaller,~3%, for the fluorinated benzenesgfs, CeHsF3). In
the remainder of the work we will neglect the small imaginary
part of the correlation function. The real part of the correlation
function, shown in Figure 4 is characterized by a single-
exponential decay for times longer than roughly 100 fs. We

0.36 ps (hexafluorobenzene). In Table 1 we also included the
peak amplitude of the correlation functions, indicating the
magnitude of the collision-induced dipole moments. It is
interesting to note that although both the dipole moment and
the quadrupole moment ofsB3F3 are near zero, this molecule
still have the largest dipolar correlation function of the molecules
studied!® The observation of almost pure exponential correla-
tion functions for the induced absorption in the nonpolar
benzenes constitutes the main result of this work, and in the
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following, we will try to provide a framework for understanding wherea(t) is the macroscopic polarizability of the sample at
these results. time t. The measured decay is in general divided into two
In general, one can expect two types of contributions to the parts: a fast initial decay within the first picosecond, followed
dipole correlation function. Since the individual molecular by a slower decay corresponding to the rotational diffusion
dipole moments are transient or interaction induced, the cor- process. With this assumption, the rotational diffusion time in
relation function will decay as the induced dipole moments cyclohexane, benzene, and hexafluorobenzene is 1.7, 2.53, and
decay. This posses a complicated quantum mechanical problemi3.5 ps, respectively, in the OHERIKES experiments. For
of calculating the interaction between the higher-order moments dipolar liquids, with strong dipoledipole interactions, the dipole
on one molecule with the polarizable neighbor molecule(s) as correlation function and the polarizability correlation function
a function of both distance and orientation. For the molecules are related through C,(t) = [Cy(t)]¥3, and thus the oriental
studied in this work the interactions cannot be evaluated using decay times for the dipole correlation functions are expected to
simple point multipoles since the molecules, although nonpolar, be longer than the orientational decay times observed in ©HD
contain highly polar and polarizable bonds. Instead, the RIKES experiments. Since the dipole correlation decay time
interactions must be evaluated using the detailed chargeobtained from our measurements are much shorter than the
distribution of the molecules, taking into account the local polar measured/estimated rotational diffusion decay times, we can
C—H and C-F bonds'?*3 In addition, there is the orientational  conclude that the observed decay of the dipole correlation
decay (Debye relaxation) of the molecules, as formulated in a function is not related to the rotational diffusion of the liquid
statistic mechanical theory for orientational diffusion of the molecules.

molecular frgme in thg liquid phase... This simple.diViSiOn is Instead of the relaxational response, one could also consider
highly questionable, since the collisions responsible for the regonance absorption by the librational modes of the liquids. If
orientational dephasing are exactly the same collisions respon-y« intermolecular forces are strong enough to prevent free

sible for the induced dipole moments, and gives a good example o 4tion of the molecules, these will instead perform a periodic
of the dlﬁlcgltles assoc;la'ged with understanding and predicting pendulum-like small-angle motion. Consequently, librations are
the properties of the liquid phgse. . . ... . . mostoften evoked to explain the behavior of polar liquids, where
The S|mple_st model to describe th? orlentanona_l diffusion is ye strong dipoledipole interactions are responsible for the
the free rotation model, where the oriental decay time scales as,q\arsal of the angular momentum leading to the periodic motion

the square root of the moment of inerffa, instead of the free rotational relaxation. For the substituted
benzene studied in this work, the intermolecular interactions
Ten= 27 Iej @) resulting from the highly polar bonds can be of substantial
9V KT magnitude and thus cause the “caging” of the molecular rotation.
Based on recent OHD-RIKES ddtéthe libration frequency in
benzene and hexafluorobenzene was estimated to be 69 and 33
cmL. For benzene, the OHBRIKES was fitted assuming an
inhomogeneous (Gaussian) dephasing mechanism for the libra-
tional decay, with a decay constant &f = 3.9 ps®. For
hexafluorobenzene a more homogeneous (exponential) dephas-
ing mechanism was used to represent the data, and an
exponential decay time of 0.6 ps was observed. Assuming that
the librational frequencies observable in OHRIKES and in
FIR spectroscopy are directly comparable, we thus find that the
librational response as observed in OHRIKES experiments
is too slow to account for the present FIR observation. We
cannot, however, exclude librational motion as being responsible
for the observed FIR spectra. It is interesting to note the
constant ratio existing between the free rotation timg, and
the dipole correlation timegpcr, as shown in Table 1. For all
molecules, apart from cyclohexane, this ratio is within 10% of
3.75. The free rotation time is proportional to the square root
of the moment of inertia and will thus in a simple picture also
be proportional to the libration period. In addition, the
Ty = 4arr317/kT ®) expongnt@al character of the dipole correlation function also
could indicate a homogeneously damped (overdamped) reso-

wherer is the hydrodynamic radius of the rotating molecule Nance motion.

andy is the viscosity of the solvent. In the DebyEinstein- For a more quantitative understanding of the observed FIR
Stokes model, the correlation function is expected to be absorption in the substituted benzenes, it is necessary not only
exponential with C(t) = C(0) exp(t/ty). The rotational to consider the molecular motion but also to consider to what
diffusion time, ty, is longer than the inertial rotation time and extent the individual motion is “infrared-activé®,i.e., gives

can be estimated from NMR spitattice relaxation times. For  rise to an induced dipole momenBy use of instantaneous
1,3,5-trifluorobenzenes in different aromatic solvents a decay normal mode (INM) theory, it might be possible to obtain a
time of 7y ~3.0—-3.3 ps was reportel. Similar time scales better understanding of the very rapid decay of the dipole
for rotational diffusion of the molecular frame have been correlation functions observed in this work. Briefly, the INM
observed in OHD-RIKES/OKE experimefts? for benzene  theory-2%27assumes a set of inter- and intramolecular coordi-
and most recently alsoEs'” where the reorientation time is  nates and expands the dipole moment and polarizability in these
longer. In the OHD-RIKES experiments the correlation coordinates. The nuclear motion is then modeled using a
function for the polarizability is measure@y(t) O [d(0) a(t)C) Brownian oscillator model driven by a random Gaussian force

wherelg is the average moment of inertia, corresponding to
an average rotational constd = (A + B + C)/3. The free
rotation time,rgr, SUmmarized in Table 1, corresponds to the
free inertial (.e., gas phase) rotation of the molecules and is
considered the short time limit for rotation of the molecular
frame in the liquid phase. The free rotation time ranges from
0.5 ps for cyclohexane to 1.5 ps for the trifluorobenzene. In
this simple picture, the pure free rotation model can be
considered a single particle model, where the motion of the
solvent molecule is independent of any interaction with its
nearest neighbors.Consequently, the correlation function for
this type of inertial motion is expected to be Gaussian, with
C(t) = C(0) exp(Agt)?. In our experiments, we observe a
purely exponential correlation function.

In liquids where the time between two collisions is shorter
than or comparable to the free rotation time, the orientational
diffusion process will depend on the viscosity of the liquid, as
given for example in the DebyeEinstein-Stokes expression
for the rotational diffusion time,,??
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