10054 J. Phys. Chem. A999,103,10054-10064

The Pure Rotational Spectrum of Solvated HCI: Solute-Bath Interaction Strength and
Dynamics

Bret N. Flanders, Xiaoming Shang, and Norbert F. Scherer®

Department of Chemistry, the James Franck Institute, and the Institute for Biophysical Dynamics,
University of Chicago, 5735 S. Ellisu&. Chicago, lllinois 60637

Daniel Grischkowsky

School of Electrical and Computer Engineering and Center for Laser and Photonics Research,
Oklahoma State Umersity, Stillwater, Oklahoma 74078

Receied: June 18, 1999; In Final Form: August 5, 1999

A combination of pulsed THz transmission and FTIR spectroscopy was employed to measure the normalized
frequency dependent absorption coefficient of HCI in spherical, dipolar, and linear solvenis QECIL,

and alkanes, respectively) in the-850 cn1! portion of the far-infrared spectral region. The analysis applied

to the measured spectra describes the interaction between the quantum mechanical rigid rotator motion of
HCI and the solvent through explicit consideration of the anisotropic potential between HCI and the bath.
Nominally, the theory requires two adjustable parameters to fit the solvated HCI absorbance spectra. However,
a compilation of experimental results for HCI dissolved in various solvents of high symmetry reveals a quadratic
dependence of one parameter, the mean square field of the bath, on solvent polarizability. It is shown that
dipole—induced dipole (DID) interactions account for the observed quadratic form. This observation introduces
a constraint that reduces the number of adjustable parameters so that unique values for the second fitting
parameter, the exponential decay rate of the anisotropic potential time correlation function, may be extracted
from the measured absorbance curves. The analysis of &lkdne solution spectra reveals a more subtle
aspect of this dependence. Only a very weak polarizability dependence was found for solvents of large aspect
ratio such as the alkanes. This difference indicates thamtblecular polarizability densitynot simply the
molecular polarizability dictates the strength of the solvent mean square field. Last, a simple scheme for
classifying nonpolar solvents based on DID interactions between the solute and the bath is established.

I. Introduction resolved monitoring of this solvent reorganization is essentially
a study of linear response thed@tHowever, measuring time-
resolved far-infrared spectra of reactive solutions is technically
quite demanding. Furthermore, few analytical methods for
reliable interpretation of the time-resolved data have been
developed” Both of these challenges currently impede the
progress of such studies of condensed phase reaction dynamics.
However, the identification of reliable analysis methods for
studies of transient spectra is logically developed through
analysis of steady-state spectra. That is, for cases in which linear
response theory and the fluctuatiedissipation theorem are
Ivalid, the equilibrium time-correlation function (or spectral
density) corresponding to an experimental observable is con-
nected to the nonequilibrium time-correlation functf8i® In

such cases, knowledge of the equilibrated setst@vent system

Steady-state spectroscopic and structural investigations of
liquids serve as an introduction to the difficult task of acquiring
detailed knowledge of how solvents interact with reactaAts.
Such knowledge is important because during a chemical reaction
the solvent strongly influences the possible reaction pathWwdys.
Quantitative understanding of this influence would significantly
impact our ability to predict chemicand biological reactivity
in liquids. After a century of work to understand the details of
condensed phase dynami€s!* much more work is needed to
connect the developing understanding of “homogeneous” con-
densed-phase environments to even more complex biological
issues.

Steady-stafé—19 and time-resolved far-infrared (FIR) stud-
ies?022 of condensed phase dynamics are two general experi- . : S
mental approaches that are being developed to study chemicaFa" be d_|rec_tly related to understanding nonequ@bnum spectra.
reactions in liquids. Both have significant merits. Time-resolved ~ Investigations of gaseous systems often yield extremely
spectroscopy allows processes to be studied in “real time” and,detalled descriptions of the processes that occur in the molecular
thereby, helps to discriminate between the many different S@mples. A recent pulsed terahertz study of gaseous methyl
dynamical contributions to a time-averaged spectrum. Optical chloride presents data so rich in spectral structure that an
pump-far-infraree-probe spectroscopy methods are, in principle, @nomalous absorption around 1THz can be conclusively as-
sensitive to reaction-induced solvent motion (e.g., rotational and Signed to tunneling of the halide atom through the mole&{#&.
translational) in the vicinity of the chromophore. The time- The detailed analysis of condensed phase systems is more

problematic because the magnitude and frequency of fluctuating

* Corresponding author, E-mail: nscherer@rainbow.uchicago.edu.  intermolecular interactions characteristic of the liquid state

T National Science Foundation National Young Investigator. “wash out” most spectroscopic information; rotational fine
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Figure 1. A schematic of the THz probe spectrometer. The single black line indicates the path taken by optical beams and the double black lines
mark the path followed by the THz beam.PR4 refer to paraboloidal reflectors/2 andi/4 denote half and quarter wave plates for 800 nm
radiation.

structure is absent. Still, rotational band contour analysis can for two classes of solvents: “spherical” and alkanes. Evidence
yield useful information. for the importance of dipoteinduced dipole (DID) interactions

In a recent study® Mori line shape functiori$ were used to in both classes of solvents is presented. A quadratic solvent
analyze the structureless far-infrared absorption coefficient polarizability dependence of the mean square field parameter
spectra of neat CHgland CC}. The spectra could only be that is predicted by electrostatic theory is found for the spherical
successfully fit by using two Mori line shap&s2°As a result, solvents. Thus, a physically meaningful constraint is established
only two independently adjustable parameters were required tofor 42 that reduces the arbitrariness associated with the muilti-
characterize the BiMori line shape: a weight for each Mori  parameter model. As a result, unique values fgrmay be
line shape (A and 1-A) and the decay rate of the intermolecular extracted from the fitted solvated HCI absorbance curves.
torque auto-correlation function. The parameters for the two-  This paper is organized as follows. A description of the
lineshape fit indicate that (at least) two classes of molecular experimental apparatus, including the home-built pulsed THz
motion, diffusive (slow) and inertial (fast), give rise to the spectrometer, is presented in section Il. Section Ill summarizes
spectra. However, the formalism lacks detail about the quantumthe theory used to model the measured spectra. The fitted curves
mechanical nature of the observed spectrum; this approach isfor solvated HCI are presented in section 1V, and the physical
limited to information about the time-scales for different types details of solvation evident in these data are discussed in section
of molecular motion. Still, the torque correlation decay rate is V. Conclusions are made in section VI.
of fundamental interesf.

A quantal theory for the analysis of rotational spectra in dense || Experimental Section
media has been developed and applied to the analysis of HCI
solvated in a variety of simple solver¥s3? This formalism A. Pulsed Terahertz Apparatus and Measurement.The
employs a quantum mechanical rigid-rotator line shape broaden-measurements of the liquid samples were performed with a
ing model that allows simulating the solvated HCI spectra. home-built terahertz spectrometer driven by the amplified output
Condensed phase environmental effects on the dynamics of HCI,0f a cavity-dumped Ti:Sapphire oscillafr383°The home-built,
manifested as strong line broadening and peak shifting of cavity-dumped oscillator is based on the standard four-mirror
spectral features, are addressed through consideration of thd<err-lens mode-locked Ti:Sapphire oscilleftt'and is capable
anisotropic potential between an HCI molecule and the sur- of generating sub-20 fs puls&s.3 The 0.2 mW 4 kHz cavity-
rounding solvent moleculé.Generally, the anisotropic po- dumped pulse train was directed to a grating/parabolic mirror
tential between the solute and the bath is characterizedpulse stretcher, where the temporal width of the pulses was
phenomenologically since the potential function of the analogous stretched to roughly 9 ps. These low-peak energy pulses were
van der Waals molecule has not been measured or fully then sent into a four-pass amplifier and subsequently compressed
characterized. Hence, the solvated HCI absorbance spectra aré0 pulses less than 200 fs in duration. The average power of
fit using two adjustable parameters, the exponential time  the 4 kHz compressed pulse train was 20 mW, yieldingl5
constant characterizing the anisotropic potential time correlation pulses.
(APTCF) function andi?, essentially the mean-square electric These pulses were directed into the THz time domain
field exerted by the bath on HCI. spectrometer shown in Figure 1; the optical beam was split into

A provocative issue in the present study of solvated HCI, THz source and detection beams, each with average power of
and in condensed phase studies in general, is to use gas phaseOmW (250nJ/pulse) and were directed into the THz spec-
spectral information to quantitatively understand condensed trometer. Because this spectrometer is powered by a low
phase systen#s:3> Being a diatomic molecule with a large repetition rate train of moderately high energy pulses, modifica-
rotational constant, HCI has a relatively sparse far-infrared tions in the design of more conventional pulsed terahertz
spectrum. Therefore, the spacings between individual rotational spectrometers have been mdéé: The high performance “F-
transitions are comparable with line broadening due to interac- chip” GaAs antenna sourc@g3used in our previous studi¢s?®
tions with the bath. Solvent dependent studie#’afre presented  could not be used with amplified optical pulses; focusing even
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a fraction of the available pulse energy onto the narroyui0

gap between transmission lines resulted in circuit burnout when
a dC bias was applied. Therefore, GaAs antenna structures with
an Ag transmission line separation of 5 mm that allowed
illumination by the unfocused 3 mm diameter beam were
employed** A bias of up to+4.5 kV could be applied before
circuit burnout occurred. The 780 nm above band gap pulse
produced a sudden population of carriers in the 5 mm gap.
Acceleration of photogenerated carriers under the applied bias
gave rise to emission of THz radiation in an approximately
toroidal volume about the axis of the carrier current acceleration. R 1 0 1

A detailed characterization of these large area antenna structures Time (ps)
may be found elsewhef&.

A paraboloidat-flat—paraboloidal combination of Au-coated
mirrors is used to collimate and focus the beam of THz pulses
into the sample. A similar combination of optics is used to
collect, direct and focus the THz beam into a 1.5 mm thick
111 7nTe electrooptic sensor, where the THz signal is detected
via the Pockel’s effecté4” Figure 2a shows the time-domain
electric field profile of the THz pulse generated and detected
in this spectrometer and Figure 2b illustrates the magnitude
spectrum of the THz pulse. Usable intensity is available in the
3-90 cn* spectral region. 0 10 20 30 40 S0 60 70 80 90 100 110

B. FTIR Apparatus. An FTIR spectrometer (BioRad FTS Frequency (cm™")

6000) was used to measure the absorbance spectra of the HCI

solutions in the 106600 cnt?! region. A mercury arc lamp 10°
functioned as the source for far-infrared radiation and a 6.25
um Mylar beam splitter was employed. The transmitted far-IR
radiation was detected in a DTGS (deuterated triglycine sulfate)
detector that was fitted with polyethylene windows for optimal
transmission of the far-IR radiation. All compartments in the
FTIR spectrometer were purged with dry nitrogen. The spectral
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response of the FTIR spectrometer is shown in Figure 2c. 1073

C. Sample. The sample cell, composed of a machined
stainless steel ring (10.0 mm thick, 6.0 cm inner diameter) H
sandwiched between two 1 mm thick zone refined Si windows, 0 Too 200 300 400 500 600 700
was inserted between the two focusing paraboloids, thereby Frequency (cm™)

allowing transmission measurements with the beam of terahertzrigure 2. (a) The temporal profile of the amplifier-powered THz pulse

radiation (0.1-3.0 THz, 3-100 cnt?). Each spectrum is the  after passage through an empty sample cell with Si windows. Reflective
result of twelve 256 data point scans over an 8 ps temporal losses due to the high refractive index Si account for a roughly 50%
window—each scan requiring 6 min for acquisition. The gaseous reduction in the strength of the THz pulse upon transmission through

- the empty cell. The signal-to-noise ratio of the transmitted pulse is
HCI sample was prepared by flowing a gentle stream of HC >500:1. (b) The normalized magnitude spectrum of the amplifier

gas into the cell for three minutes. The partial pressure of the powered THz pulse detected by a ZnTe electro-optic sensor is denoted
gas in the cell approached 1 atm, but this number was not py a heavy line. The noise floor of the THz spectrometer is indicated
quantitatively determined. The solution of HCI in GGlas by the plateau beginning at frequencies above 10¢t@md has a value
prepared by bubbling HCI into roughly 150 mL of GGh an of 1 x 1073 (c) The normalized magnitude spectrum of the FTIR
Erlenmeyer flask for 2 min. The concentration of the HCI/ECI spectrometer characterized by a mercury source and a DTGS detector.

solution was then determined by measuring the vibrational g . (t); and through the cell filled with the HCl/solvent solution,
absorbance spectrum of solvated HCl in the 268000cnT* Esoi(t). Each of these time domain measurements is obtained
spectral region where the absorption coefficients are kn§wn. by averaging eight individual 128 point scans of 8 ps in length.
Hence, from Beer’s law the HCI concentration was determined These signals are processed by a lock-in amplifier (Stanford
to be 0.08 M. It should be noted that Spectral features around Research Systems SR830) using a 300 ms time constant. Opt|ca|
2914 cmr* resulting from the dimerization of HCI molecules  stapility of the pulsed THz spectrometer must be maintained
were not observet. The alkane solvated HCI systems were during these three measurements in order to achieve reliable
prepared analogously to HCI, but strong-B bond absorption  results. The absorbance spectrum is calculated from the
in the 2856-2960 cnt* spectral region prevented quantitative transmission ratio of the sample and the reference sigAals:

spectroscopic determination of the HCI concentration. All Aps(w) = —(21)In|[Esamd®)/Eref(@)] wherel denotes the path
measurements were performed at 296 K. length of the sample cell arff{w) denotes the Fourier transform
D. Solvated HCI Spectra.The low-frequency region (10 of the time domain electric field profile of the transmitted THz

80 cntl) of the absorption coefficient and absorbance spectra pulseE(t). This time domain transmission profile is the actual
are obtained by pulsed THz spectroscopy. Three separate pulseduantity measured in pulsed THz spectroscopy. For the neat
THz measurements are required to obtain the spectrum ofliquid, the expression for the absorbance spectrum is equivalent
solvated HCI: the THz pulse transmitted through the empty to that for the absorption coefficient spectrum. The absorbance
sample cellE.«(t); through the cell filled with the neat solvent, spectrum for the HCl/solvent solution is determined as
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amplitude spectrum of the neat solvent aBg(w) is the

J. Phys. Chem. A, Vol. 103, No. 49, 19980057

described solely by this memory term containMg; i (t), a
fourth rank tensor. The elements k.  i(t) are the rates of

amplitude spectrum of the HCl/solvent solution. The absorption bath-induced processes undergone by the ensemble of solvated
coefficient can be extracted from the measured data with HClI molecules. These processes are summarized as follows:

knowledge of the concentration of HCI in the solution.

W+ (t) denote the rates for transition of population from level

T_hree measurements are also required for the high-frequencyf to leveli, W () denote the rates for coherence dephasing
regions (above 100 c): measurement of a reference spectrum petween two levels and i, Wit () denote the rates of
(i.e., of the empty cell), measurement of the absorbance spectruncoherence transfer from statesandi' to statesf and i.5253
of the neat solvent, and measurement of the absorbance spectrurBolute-bath interactions perturb the HCI wave functions and,

of the HCI solution. The FTIR-measured absorbance spectrathereby, couple HCI rotational states that would not be coupled
are obtained analogously to the pulsed THz-measured spectran the absence of the perturbation.

except that the data manipulation is performed by a commercial

software program (Bio-Rad Win-IR Pro, Version 2.5).

Ill. Summary of Anisotropic Potential Spectral Theory

A. Quantum Mechanical Description of Solute Absor-
bance Spectra.The linear power absorption coefficient is
proportional to the Fourier transformation of the HCI dipole
moment time correlation functio. This frequency dependent
quantity for a dilute solution of polar HCI molecules solvated
by a nonpolar solvent 38

_ 4danw
3Ac

wheref is 1kgT, n denotes the refractive index at frequeney
in the solution, anc is the speed of light in a vacuum. The

o) (1 —e™)Re[ " € A(ORO)T] (1)

Explicit characterization of the interaction between the solute
and the bath molecules is made through calculation of the
anisotropic potential time correlation function (APTCF) for the
bath.W ;¢ v (t) is @ sum of terms composed of these bath T¢Fs

Wi () = R0,y € "y (O Oy y €
|
[, Hy (00 — 7 T, H () D= e, HE (DD (4)

wherei"” andf"’ are additional indices for the rotational states
of HCI. The probability amplitude for bath-(anisotropic poten-
tial) induced transitions between statesndf is®3

angled brackets denote an ensemble average over the time-

dependent product of(0) andu(t) whereu is the vector dipole

moment of HCI. The dipole moment TCF shown in eq 1 may

be expressed in terms of the density matrix for the Hi@th
systenB152yielding

4dmnw o
o) =T 4 TS S
3hc T I
>j "=

u,, Réa ()] (2)

H; = OH'(i0 (5)
and the anisotropic potenti#l’ is3323
H =—uE (6)

whereu, the permanent dipole moment on HCI, is dotted into
E, the electric field at the position of the HCI molecule due to
the surrounding bath molecules.

Although molecular dynamics simulation of the HCI solution
in principle allows explicit calculation of the APTCF, details
regarding the interaction potential between HCI and individual

for the frequency dependent absorption coefficient in terms of solvent molecules are required. While this information may be

the reduced density matrix;("". In eq 2,u, is the unit vector
associated withe oriented with respect to a vector connecting
the HCI center-of-mass to the bath molecyleThe notation
u,ri denotesl |u,/ilwhere | and |idare the rigid rotator
eigenfunctions of HCI in statdsandi, respectively. The second
set of HCI rotational state indicés andi’ allow for summation
over the frequency dependent density matrif""(w), inde-

pendent of the summation over the steady-state density matrix

0, the population of théth rotational level.

The effect of the bath molecules on the dynamics of the HCI

experimentally determined for simpler systems such asHClI
Ar, the analogous information is not yet available for polyatomic
solvents such as Cgland alkanes. Therefore, a single-
exponential function is used to describe the decay of the
APTCF32? and use of egs 5 and 6 allows expansion of the
APTCF terms appearing in eq 4 to give the form:

()

[H-I;,i H;’,i’(t) = 2'nzz u%vf,iuva',i'etlrcvn
x

dipole moment has been absorbed into the reduced density|n fitting the theoretical line shape to the measured dafa,

matrix operatois;()(t), the fundamental dynamical quantity

andzc, are the nonreduced adjustable parameters (discussed

in this formalism as shown in eq 3. The equation of motion for fyrther below) such that,? = Y22 0and (E2is the mean-

the time dependent reduced density matrix operator, the non-square field exerted by the bath on HCI. The sum runs over the
Markovian master equation, can be expressed in a basisconfiguration of solvent molecules surrounding HCI that induce

composed of system (HCI) eigenstates in the systeath
description a%

(1) = —lwgo(t) — Z fot VAVf,i;f’,i'(t — 1)ogi(n)d 7 (3)

where the dot oveus(t) represents the first time derivative,
and the frequency factao; denotes the differencenf — w;).

the coupling between rotational stateandf (andi’ andf').

The factor of!/; arises because of the orientational averaging
over the individual intermolecular interactions between the
solute and the bath at thermal equilibrium. The probabilities
associated with these bath-induced couplings are calculated by
converting the sum into the appropriatg 8eefficient33:55

B. Secular and Nonsecular Components of the Absorbance

The convolution integral relates the current value for the rate Spectrum. Solving the first-order inhomogeneous differential

of change oty ()(t) to previous values af¢ (7, i.e., acts
as a memory term. The bath-induced dynamics:of(")(t) are

equation appearing in eq 3 by Lapladeourier transformation
technique® yields®!
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igf’i(O) . The solid line is the gaseous HCI spectrum and the circles denote
Opj(w) = = [1—i Z W, ¢ (@) 55 ()] the decane solvated HCI spectrum. Clearly, the discrete rota-
o — g T IWqi(w) f i tional resonances evident in the gas phase spectrum are

' o (8) completely lost in solution. The APTCF line shape theory allows

. . for quantitative analysis of the solutgolvent interactions.
for the frequency-dependent reduced density matrix where thegjqre 3¢ displays the series of theoretical, Lorentzian-like line
overbar denotes the LaplaeE_our_|er trapsformed quantity. The shapes associated with tii¢ = + 1 rotational transitions of
terms due to the sum ovér i' differ v_wdel'y n strength. The  gjyated HCI overlaid on the theoretical spectrum of discrete
largest correspond to the case whire= f', i "’,‘”_‘? are called  reqonances for gaseous HCI (heavy solid line). Each transition
secularterms. The remaining terms whefre = f', i’ are called g grongly broadened and shifted by the interaction of HCI with
nonseculamnd are strongest in the wings of an individual line ¢ &,rrounding solvent molecules. Close examination of Figure
where the overlap with neighboring spectral lines is strongest. 3. shows that the degree of broadening and peak-shifting of
Physically, these terms describe absorption effects resulting from, individual resonances decreases with incregisiuantum
the bath-induced transfer of population 'or_’coherence between, mper; the solute bath interaction decreases with incre@sing
the two _ne|_ghbor|ng sets of statgs andf o1 Transitions between low energy levels that reflect slow rotational
Subs'qtutlon of eq 8 into eq 3 yields a two component  ,qiiqn allow more time for solutebath interaction relative to
expression for the.frequer!cy dependent absorption coeffigient. transitions between high energy levels. Hence, the higher
The secular contribution is guantum number resonances are more sharply defined. It may
Ao also be that the bath interaction is weaker for the higher
—(1- e*ﬁﬁw)ﬂzzal (i + 1)e PBliTDRe frequency transitions since the pure solvent (dipolar) spectral
Aic & density (i.e. the IR spectrum) decreases beyond 70tcm
[Air1j(@)] (9) Figure 3d shows the theoretical line shapes associated with
secular contribution to the absorption coefficient; each corre-
whereZ, is the rotational partition functiof?. The nonsecular ~ sponds to one term in eq 9. Figure 3e illustrates the theoretical

ag(w) =

contribution is line shapes associated with the nonsecular contribution to the
absorption coefficient. As shown in eq 10, the individual

() = 4anw (1- efﬁh“’) 2 2 .y w- nonsecular line shapes are t_he product of two Lorentzian line
1 3 s Z 4 i X'i,fz P shapesAsi(w) andAyj (w), weighted by the interference factor,

N Wi (w). Figure 3f illustrates the APTCF theoretical fit to
REW: i1 (@) A (@) A (@)] (10) the measured absorbance data for decane solvated HCI. The fit
is the sum of the secular contributions of Figure 3d and the

where the function\s;(w) is defined as the first term in eqé8, ~ nonsecular contributions of Figure 3e.
B. Polarizability Dependence of Spectra.Figure 4a il-
io;;(0) lustrates the pulsed THz (solid circles) and FTIR data (hollow
Agi(w) = — (12) circles) for the absorption coefficient spectrum of HCI dissolved
o — g + W i(w) in CCl, at 295K. The peak absorbance occurs at 141'cand

the full-width at half-maximum (fwhm) of the band is 116 thn
This function is a Lorentzian line shape with a width determined Figure 4b illustrates the FTIR data for HCI dissolved in CECI
by RgW,;i(w)] and a shift in peak resonance determined by at 295 K. The comparatively broader peak occurs at 167*cm
Im[W i(w)]. The nonsecular terms in eq 10 are significant when and the fwhm is 158 cnt. The larger degree of band broadening
the absorption line shapes correspondinf t@ndf', i’ overlap and peak shifting of HCI in CHG] relative to CCJ reflects a
to a meaningful degree and when the probability amplitude for stronger solutesolvent interaction. A computer code was
bath-induced coupling between stafes ', andi’ is large, as written and used to generate the APTCF fitting function, the

egs 8 and 10 indicate. sum of eqs 9 and 10. For convenience of expression and to
facilitate comparison with literature values, reduced values for
IV. Results the line shape function fitting parameters, the interaction strength

and APTCF time constant, are used. The reduced interaction

of solvated HCI resulting from the APTCF approach is strength parametédl? is related to the (nonreduced) interaction
2 -2 2 i
summarized in Figure 34. Figure 3a illustrates the combined strength parameter’, asi? = 2%/(Bhc)” whereB is the HCI

pulsed THz-FTIR data for gaseous HCI. The pulsed THz data rota_uional _cons_tanﬁ is Planck’s constant, am:ii_s the speed-
extend from approximately 10 to 100 cin(filled circles) and of-light. leeW|se,_ the reduced time constantis related to

the FTIR data extend from approximately 60 to 300é&gopen e nonreduced time constamtn, by 7e=(27BC)7cn

circles). The data are qualitatively fit by a rigid-rotator model ~ Figure 5 illustrates solvent polarizability dependence of the
(solid line); however, the absorbance levels of the data and themeasured absorbance spectra for HCI dissolved in solvents of
fitting function differ due to insufficient scan length in the time high molecular symmetry Ar, Kr, Xe, $Fand CCL (The
domain. The rigid-rotator model neglects centrifugal distortion SPectral parameters for Ar, Kr, Xe, (ande3#®lutions were taken
effects on the resonance positions; hence, mismatch betweerfrom the literaturé®>) Both the frequencies of the peak
data and the fit is evident above 200 ¢hiiThe spacing between ~ Positions and the full widths at half-maxima (fwhm) of the
successive transitions is 20.8 chas indicated by the arrow in ~ absorbance line shapes are observed to increase with solvent
Figure 3a, which is twice the rotationiconstant for the diatom  Polarizability in a roughly linear fashion.

HCI. The 406-280 cnt! region of this spectrum has been Figure 6a shows the solvent polarizability dependence of the
measured previousR/.>8 reduced interaction strength parameters that characterize the line
The effect of dissolving HCI in a liquid is illustrated by shape functions used to fit the far-infrared spectra of HCI
comparing the two normalized absorbance spectra in Figure 3b.solvated in the symmetric solvents. The polarizability values

A. APTCF Analysis of Solvated HCI. The spectral analysis
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Figure 3. (a) The frequency dependent absorbance spectrum for gaseous HCI. The filled circles denote data acquired with the THz spectrometer
and the open circles with the FTIR spectrometer. The solid black line denotes the fit generated by the quantum mechanical rigid rotator model. (b)
The experimental normalized absorbance spectra for gaseous HCI (solid line) and for HCI dissolved in decane (circles). (c) The theoretiedl normaliz
absorbance spectra. The spectrum generated by the rigid rotator model HCI (heavy solid line) is overlaid on that generated by the APTCF model.
(d) The series of secular line shapes associated Aiitis +1 transitions between pure rotational levels. (e) The series of non-secular line shapes
associated witl\j = £+1 pure rotational transitions. (f) The experimental absorbance spectra for HCl/decane fitted by the APTCF generated line
shape. This fit is the sum of the line shapes presented in Figures 4d and e.

for these “spherical” solvents were taken from the literabre. units), the amount the this parameter could be varied when fitting
The peak position and rotational widths for all HCI-solvent the data without noticeably changing the quality of the fit to
systems discussed herein, and the valued4@ndr. that are the data.

plotted in Figure 6a and b are listed in Table 1. The line shape Figure 6b displays the polarizability dependence of the
fitting parameters for Ar, Kr, Xe, and $kvere taken from the anisotropic potential correlation time, which is a measure of
literature33:54 The quadratic fit to the data points of Figure 6a the time scale for evolution of the configuration of solvent
is well-determined. The molecular polarizabilities of the alkane molecules about HCI. The best-fit values fqrincrease with
solvents were calculated from literature values of the refractive polarizabilty across the series; Gk an exception to the
index by using the LorentzLorenz equation: n(— 1) = 2zpa. monotonic trend. The range over whichfor CCl, could be
wheren is the refractive indexp is the number density, and adjusted without significantly affecting the quality of the fit to
is the molecular polarizabilit§® The error in the value of? the data is represented by the vertical error barst6f06

for CCl, is denoted by the vertical error bars #4f7 (reduced (reduced units).
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Figure 6. (a) The solute-solvent interaction strength plotted against
the solvent polarizabilities for the symmetric series of solvents. The
solid line denotes a NLLS quadratic fiR{ = 0.99) to the data. (b)
The for the correlation time of the anisotropic potential plotted against
the solvent polarizability.

Frequency (cm'l)

Figure 4. (a) The frequency dependent absorption coefficient spectrum
for HCl in CCl,. Data acquired with the THz spectrometer (solid circles)
and with the FTIR spectrometer (open circles) are shown. The APTCF
based fit to the experimental data (solid line) as characterized by the
fitting parametersi? = 166 andzc = 0.22. (b) The normalized
absorbance spectra for HCI in CH®here the symbols are the same

as in Figure 4a and the APTCF model has paraméfers397 andrc 75 cm'1) data was relaxed for HEIpentane. An analogous but

= 0.18. less severe effect occurs in the far-infrared spectral region (above
180 e s 200 cml) where qnly a small amount of radiation from the
FTIR light source is absorbed. Therefore, the data in2®0
160 A Peak Position CHCL g 160 cm! spectral region received the most attention in the process

=
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of fitting the APTCF absorbance curve to the pentane solvated
HCI data. The closeness of the theoretical fit to the experimental

o]

120 120§ data is improved for longer chain alkanes due to the higher
100 2 signal-to-noise ratio of the solvated HCI spectra in systems

s 8 where more concentrated HCI solutions were obtainable. The
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improved data quality is evident in the normalized absorbance
spectrum of hexane solvated HCI shown in Figure 7b.

The polarizability dependence for the mean square field
parameter obtained in the alkane solvated HCI analysis is shown
in Figure 8a. A trend of increasint? with increasing solvent

Polarizability (10*cm’) polarizability is only weakly apparent. This dependence is fit
Figure 5. The absorbance peak widths and positions of the measured by a quadratic function whose slope is 12 times smaller than
absorbance curves for the spherical solvent series plotted against thehe slope found in the analogous analysis of the symmetric
solvent polarizability. solvent data. Hence, the dependence A8f upon solvent
Figure 7a and b illustrate the alkane solvated HCI spectra Polarizability, while strong in the symmetric solvent series, is
and the theoretical fits of the APTCF model. A computer Very weak for the alkane series. The error associated with each
program (written in C) was used to generate the APTCF fitting Of these points is=7 (reduced units), the range over which this
functions, the sum of egs 9 and 10. The quality of the fit to parameter could be varied when fitting the data without
pentane solvated HCI in Figure 7a suffers at low frequency noticeably changing the quality of the fit to the data. The
because of the smaller THz absorbance and larger experimentatorrelation time parameter used in the APTCF model is shown
noise both of which are caused by the low solubility of HCI in  plotted against the solvent polarizability in Figure 8b and against
pentane. Therefore, the closeness of fit criteria for the THz (10 the solvent viscosity in Figure 8c. The error associated with
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TABLE 1: Spectral and Fitting Parameters for HCI Solutions?

peak FWHM A2 7c ) g

solvent (cm™) (cm™) (unitless) (unitless) (x102mL™) (10-% cmd) 7 (cP) T (K)
Ar 7 64 30 0.15 1.18 1.6 - 162.5
Kr 80 65 40 0.20 1.71 25 0.15 125
Xe 95 80 40 0.20 1.37 4.1 0.21 175
Sk 124 97 70 0.30 0.78 6.5 - 273
CCly 141 116 175 0.10 0.62 11.2 0.91 295
CHCl; 167 158 395 0.09 0.95 9.5 - 295
CsHiz 116 105 64 0.04 0.52 10.9 0.23 295
CeH14 123 108 66 0.06 0.46 13.0 0.31 295
CioH22 123 106 69 0.06 0.31 21.1 0.89 295
CieHza 123 106 74 0.08 0.21 335 2.87 295

a All included information on HCI solvated in Ar, Kr, Xe, and $#as taken from refs 63, 33, and 54.

1.0

shown in the Theory sectioi? is directly proportional to the

0.9 mean-square field of the bafi?l] Assuming that the dominant
2 03 term that gives rise to this bath field is due to dipole moments
Z ., induced on the nondipolar solvent molecules by the permanent
s dipole moment on HCI, the field resulting from the bath would
2 06 be expressed as
= 05
8 bathﬁ
= 04 - ind
E 0.3 Ebath[| z (12)
=) T 3
Z 02 x

ol where the sum runs over all the bath molecufas, is the

0.0 & dipole moment induced in the solvent molecylendr, is the
distance between HCI and thgh solvent moleculé! The
induced dipole momeniing is

1.0

° 0.9 L ﬁind = gbath Emoment (13)
3 C
E 08 whereEvomentis the electric field resulting from the permanent
s 07 dipole moment on HCI anéparnis the molecular polarizability
2 06 of the bath. Additional polarization of the solvent molecules
T 05| may occur as a result of induction by the hexadecapole moment
= 04 b on Sk and the octopole and hexadecapole moments on CCI
E 03 L but these terms are assumed to be small. Therefore, the bath
z r field is linearly dependent on the solvent polarizability, and,
02 sinceA? = Yau2(E2, 1) A2 O 2, Hence, the quadratic fit to
o1 the values ofi2 in Figure 7a is consistent with the dipele
0.0 induced dipole (DID) interaction between the solute and solvent
0 50 100 150 200 250

for the spherical solvent series. In addition, this connection

Frequency (em™) betweenépam and [A20serves as a constraint on the range of
Figure 7. (a) The solid (THz data) and hollow circles (FTIR data) Values over whicti2 may be varied for a given spherical solvent.
denote the experimental normalized absorbance spectra for HCI in Hence, the degree of uniqueness with which the nominally two
pentane. The fit parameters for the solid line #te= 63.7 andrc = adjustable parameter model is capable of fitting the solvated
0.038. (b) The analogous spectrum for HCI solvated in hexane for which HCI absorbance data is increased.

the APTCF fit parameters ai# = 66.5 andrc = 0.60. Further evidence for the connection betwéémand the DID

each point ist0.06 (reduced units). The values @ 7., the interaction is obtained through a comparison of HCI dissolved

lvent polarizabilit d solvent vi it listed in Tabl in CHCI3, whose normalized absorbance spectrum is shown in
io vent polarizabiiities, and solvent viscosities are listed in able Figure 4b. The larger peak shift (26 cyand band broadening

(42 cn1?) of the HCI/CHC} spectrum relative to that for HCI/
CCly indicate that the solutesolvent interaction is significantly
increased. This is due to the interaction of HCI with the
A. Nonpolar Solvents with High Symmetry. Figure 5 permanent dipole (PD) moment of CHQML.01 D in the gas
illustrates the solvent polarizability dependence of the peak phase) in addition to the DID interactions. In fact, by using the
position and the full width at half-maximum (fwhm) of the quadratic dependence of the DID interaction shown in Figure
measured absorbance spectra for H&pherical solvent solu-  6a, a determination of the relative magnitudes of the permanent
tions. The fitted curves illustrate the linear solvent polarizability dipolar and DID coupling strengths may be made. The polar-
dependence for both the peak position and fwhm data. Theizability value for chloroform (9.0x 10~24cm®) indicates that
positive slopes indicate an increasing solute-bath interaction the DID component is 25% and the PD component is 72% of
across the series. the total interaction strength represented by the fitting parameter
A quadratic fit to the interaction parameter data (solid line A2 = 397. The constant offset;4%, reflected by the non-zero
in Figure 6) captures the polarizability dependence, and asintercept probably results from repulsive interactions. Interest-

V. Discussion
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85 =T T — ‘ T . 5 strength parameter must be due to a property of the solvent
- CieHss other than the number density.
80 1 (a) I A turnover in the solvent polarizability dependence of the

best-fit values for the APTCF exponential time constant is
evident in Figure 6b; the values fag increase with solvent
polarizability but decrease from $Ro CCl. It has been
proposed that while undergoing rotation, HCI drags along part
of the first shell of solvent molecules that surround*ifthe
dragging effect will increase. because this coupled rotation
of the first solvation shell tends to retain the leading terms in
the anisotropic potential and, hence, lengthens the correlation
time for the anisotropic potential. This phenomenon requires a
strong electrostatic interaction between HCI and the surrounding
solvent molecules that would have to increase with solvent
polarizability to account for the data. However, since molecular
02 . — polarizability increases with molecular volume, the size of highly
polarizable molecules may counteract their tendency to be

CH,, CH dragged by HCI; SEis characterized as having a molecular

107422 . . .
CH,, T ) radius of 5.51 A while CGlhas a larger radius of 5.88 ﬁ
However, since CGlis heavier than S§-the inertia for dragging
CCl, is greater than that for $FHence, the turnover in the
" 1 polarizability dependence af between Sgand CC} (in Figure
l 6b) may reflect this notion of hindered molecular following.
7 This conclusion is speculative and requires further investigation.

B. Nondipolar Solvents with Chainlike Geometries.The

values fori? andz, for the alkane solvated HCI systems shown
L o in Figure 8 and listed in Table 1 are in strong contrast to the

01 10 15 20 25 30 35 spherical solvent series in that there is almost no polarizability
dependence. The slope is less than 1/10 that for the spherical
solvent series. This polarizability independence is surprising in
light of the broad polarizability range spanned by the alkanes
(Epentane= 10.1 x 10~?%cm?® and&nexadecane= 33.5 x 10724cn)
relative to the spherical solvents and is suggestive of more subtle
intermolecular interactions than the strong quadratic polariz-
ability dependence observed for the spherical solvents.

. The polarizability independence @f? across the alkane

. solvent series can be explained gsotarizability densityeffect.

. The induction of dipole moments requires the combination of
- a polarizable material and an electric field. Because of the
. inverse cubic decay of the dipolar field, the polarizability of

- the nearest portions of the alkane molecules contribute most to
. the induced dipole moment strengths. Furthermore, the group

75

70

65

Reduced A? (unitless)

60

55 | | —_— 1 L L L I |
10 15 20 25 30 35

Polarizability (10*cm?)

CieHzy |

=
T
!

Reduced 1. (unitless)
<
(=
T

Polarizability (1074 em®)

0.09 T T T T

Fit=0.7n""

Reduced . (unitless)
<
&

0.03 : . polarizability values of those CHand CH groups that lie near
0 ! 2 3 HCI contribute to an effective molecular polarizability that is
Viscosity (cP) less than the nominal molecular polarizability value listed in

Figure 8. (a) The solute-solvent interaction strength plotted against Table 1. This decrease is most severe for the longer chain

the solvent polarizabilities for the alkane series of solvents. The solid alkanes resulting in a saturation of the effective polarizability

line denotes a NLLS quadratic fif = 0.99) to the data. Note that  since the alkane molecules become longer than the distance over

Eﬁg'xﬁesgﬁi’:)ttge iscarZ?eLat:;gl]e I?)ft éza; O;E'S%Lt’r:‘; iﬁiv(gr)ltﬂ:jacr?zr;te;liﬁtt;on\/\lhiCh the dipolar electric field induces significant polarization.

(c) The correlationgimg plottedpagainst ?he solvent viscosri)ty and fit by Thergfore.,. no polar!zablllty dgpendence is observed because the
polarizability per unit volume is constant for the alkane solvents.

a power law model (solid line).

The small values of? for the alkanes also follows, in part,
ingly, the DID and PD contributions to the total interaction from their characteristically low density. CClwvhich interacts
strength are exactly the same magnitudes obtained in our earlierstrongly with HCI, has a density of 6.2 moleculesffssum-
bi-Mori analysis of the THz spectrum of pure CHE? These ing an approximate radius for the first solvation shell of 8 A
terms were ascribed to longitudinal (for DID) and Debye (for (based on molecular dynamics simulation of the pairwise radial
PD) relaxations. distribution function for (H)CH-Cl pairs)®® the corresponding

The solvent density, hence collision frequency, which is the spherical volume is 2 nfnHence, roughly 12 CGImolecules
classic parameter associated with spectral broadéafiigs can occupy this volume corresponding to that expected for a
changing across the solvent series. However, the numbercubic close packed structutféThe alkanes, on the other hand,
densities for the symmetric solvents listed in Table 1 show that have much lower liquid densities. Decane, for example, has a
the number density is anticorrelated with the solvent polariz- density of 3.1 molecules/nin Therefore, only six decane
ability, and therefore, with the interaction strength parameter. molecules fit in a spherical volume of 2 sniThe interaction
Therefore, the spherical solvent dependence for the interactionenergy between HCI and the solvent molecules in its first
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