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The concentration dependence of the Raman noncoincidence effect (NCE) of @eu@ C-H stretching

bands of methanol is investigated in methanol/Q@ixtures in the range of 1.8 x, = 0.1, wherexy, is the

mole fraction of methanol, by performing Raman spectroscopic measurements and molecular dynamics (MD)
simulations. Band asymmetry observed for both bands is carefully taken into account. The experimental and
simulation results are in satisfactory agreement with each other. For-tkesiretching band, it is observed

that the magnitude of the negative NCE gets larger upon dilution in @&n tox, ~ 0.2, contrary to the
expectation of becoming smaller from simple guess that the NCE arises from intermolecular vibrational resonant
interactions between methanol molecules, which, on average, get separated from each other upon dilution.
For the O-H stretching band, the magnitude of the positive NCE remains almost the same upon dilution
down to xn ~ 0.3. These apparently peculiar experimental results are reasonably explained by the MD
simulations on the basis of the transition dipole coupling (TDC) mechanism of intermolecular resonant
vibrational interactions and the simulated hydrogen-bonded liquid structures. In the case efdtstr€tching

band, the negative NCE arises mainly from positive vibrational coupling between hydrogen-bonded pairs of
molecules, which is partially canceled by negative vibrational coupling between molecules in different hydrogen-
bonded chains. In the case of the-8 stretching band, the positive NCE arises predominantly from negative
vibrational coupling within hydrogen-bonded chains. As a result, a locally anisotropic change in the liquid
structure that occurs upon dilution, in which, around each molecule, intermolecular distances do not change
very much along hydrogen-bond directions but do change significantly in other directions, gives rise to the
apparently peculiar behavior of the NCE described above.

1. Introduction potentials to deepen the knowledge of its structural and
thermophysical propertiéd-16 It has been clarified that the
majority of molecules in liquid methanol have two hydrogen
bonds, and the liquid is basically made up of winding linear
chains of hydrogen-bonded molecules. The number of mono-

coincide! NCE arises from intermolecular resonant vibrational M€ P€r chain at room temperature IS found to be typ|cal!y
interactions between neighboring molecules that give rise to between 5 and 20, depending on the mtgrmolecular potential
delocalization of vibrational modes. It is particularly manifest usedz although Fh_e presence ofa nonnegllgl_ble degree of cross
in polar liquids and is influenced by the molecular local order bon_dlng makes it impossible _to speak u_namblguously of a mean
in the liquid itself2~ chain length (see also the discussion in ref 17).

The so-called Raman noncoincidence effect (NCE) observed
in a molecular liquid is the phenomenon that the frequency
positions of the isotropic and anisotropic components of the
band profile of a Raman-active vibrational mode do not

Neat liquid methanol shows NCE both in the-O stretching Monte Carlo (MC) and molecular dynamics (MD) simulations
[v(C—0)] region at around 1030 crh and in the GO-H of the NCE of ther(C—0) andv(O—H) bands of neat liquid
stretching {(O—H)] region at around 33063400 cnt156 A methanol®!® have successfully reproduced the experimental
very remarkable fact is that théC—0) band of methanol has ~ NCE values observed in the neat liquid. They have offered, on
a negatie NCE’~° [NCE, ~ —5.3(5) cnt%,® where NCE is the basis of the simulated liquid structure and the transttion
the value of NCE determined from the peak frequency positions, dipole coupling (TDC) mechanism as the mechanism of
defined as NCE= ¥peak ani— Vpeak,isd» While thev(O—H) band intermolecular resonant vibrational interaction, a complete
of methanol has @ositive NCE>1°[NCE, ~ +85(5) cnr119. explanation of the opposite signs observed for the NCE in its

Several molecular dynamics (MD) simulations of neat liquid »(C—0) and V(O—_H) band_s: _(a) the vibrational interaction§
methanol have been carried out with various intermolecular between G-H oscillators within each hydrogen-bonded chain
(intrachain O-H coupling) account for the major part of the
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by the contribution from the vibrational interactions between for exciting and scattered light were obtained by rotating the
C—0 oscillators of non-hydrogen-bonded pairs (roughly speak- polarization of the exciting laser light with the help of a Fresnel

ing, interchain CG-O coupling). The negative NCE of the

v(C—0) band of methanol is opposed to the positive NCE
observed for the €0 stretching band of acetone. In fact, the
liquid structure is mainly determined by hydrogen-bonding
interactions in the former and by dipolar interactions in the latter,

rhomb retarder (V or H) and observing the scattered Raman
light through a polarizer (V). The depolarization ratio was
checked using the standard procedure with liquid,CCie laser
used is a single-mode single-frequencyAaser operating at
514.53 nm and with 200 mW laser light power on the sample.

whereas the intermolecular resonant interactions among vibra-Each mixture was measured in each polarization configuration

tional modes are dipolar (TDC) in both liquid.
The expected effect of chemical or isotopic dilution on the
NCE of a polar non-hydrogen-bonding solute in a nonpolar

taking the average of 10 accumulations with integration times
between 30 and 600 s for each single accumulation.
In the v(C—0) region, the Raman light was detected irf 90

solvent is, in ideal cases, a gradual decrease of the magnitudescattering geometry by a liquid nitrogen cooled CCD camera
of NCE as the interacting molecules get separated from eachon a Jobin-Yvon U-1000 spectrometer. The slit width was set

other, until it eventually vanishésThe purely dipolar nature
of the intermolecular interactions governing the local molecular

to 100um, producing a Gaussian slit function wittvhm =
0.67 cnl. To cover the spectral range of 400 cthirom 820

organization of the solute in a nonpolar solvent is considered to 1220 cnt?, with a sampling point distance of 0.19 ch
to be the origin of this effect. The Raman spectroscopic and three overlapping spectral regions were necessary. Correction

computer simulation results of our previous dilution studies on
the G=0 stretching band of acetot¥e?? and N,N-dimethyl-
formamide (DMFA¥2 conform to this expectation. The present

for the instrumentally influenced intensity distribution was
achieved by dividing the spectra with the normalized spectra
obtained from a luminescence standard (fluoresceine). The

work is, on one hand, an experimental extension of our former spectra were then spliced together to get the overall spectrum.

NCE studies on dipolar liquids diluted in CQlas a nonpolar
solvent) to binary mixtures containing a more complex, polar,
andhydrogen-bondindjquid, which is methanol in the present
case. At the same time it is an extension of the MD simulation
procedure already used for the NCE of neat metHdnAdto
that of methanol diluted in CGl

In ref 9 it was reported that the magnitude of the negative
NCE (evaluated as the difference in peak frequencies, )NCE
of the »(C—0) band of methanol increases upon dilution in
CCly. Generally, much care should be taken for a meaningful

In thev(O—H) region, the Raman light was detected in 180
scattering geometry by a liquid nitrogen cooled CCD camera
on a Dilor XY spectrometer with macro entrance. The slit width
was set to 20@m, producing a Gaussian slit function with fwhm
= 2.9 cntl. To cover the spectral range of 1500 Thirom
2500 to 4000 cmt, with a sampling point distance of 0.60 ch
four spectral regions were necessary, which were spliced
together to obtain an overall spectrum. This was corrected for
the instrumentally influenced intensity distribution by dividing
it with the normalized spectrum obtained from a tungsten bulb

interpretation of the observed concentration dependence ofas approximated blackbody source.
NCE,, because the band shape of the isotropic and anisotropic The band position was calibrated against instrumental fre-
component has an intrinsic asymmetry in the neat liquid, causedquency instabilities (thermal drifts) with the help of a Neon pen

by resonant intermolecular interactiotfsyhich changes with

ray lamp, using the Ne | lines at 540.05618 nm for t{€—

dilution due to progressive removal of the resonant interaction O) band and at 632.81653 nm for théD—H) band, respec-

and due to the influence of concentration fluctuati&t.This
leads to different behavior of peak frequenigyax and first
momentMy = [P:I(¥ — o) dV/[1(¥ — Vo) dv upon dilution
(these two quantities being equivalent only for symmetric
bands)?%-23 Since theoretical formulations deal with a moment
expansion of an intensity distribution, the theoretical and

tively.2?

B. Observed Data Treatment.The observed spectral profiles
were fitted with the help of spectroscopy software routines
(GRAMS 5.1). The isotropic spectra were obtained from the
VV and HV spectra through the relatidg, = lvw — #3lnv,
while the HV spectrum directly gives the anisotropic spectrum,

experimental results can only be safely compared if one Iy= lyy. The quality of the fits of the isotropic and anisotropic

considers the first momenid;.

spectra was checked through tffevalue obtained in the least-

The purpose of the present study is 3-fold: (1) to reveal the squares fit and the uncertainties)(in the positions and areas

spectral changes that occur upon dilution of liquid methanol in

of the Gauss-Lorentz bands (given ffy) = (1 — M)+fgausst

CCly, (2) to correlate these observed spectral changes with localM-fior, with fyaussandfior being the usual Gaussian and Lorentzian

liquid structures (predominantly influenced by hydrogen bonding
between molecules) by means of simulations of vibrational

functions andM being the Lorentzian fraction) necessary to fit
the whole spectrum in the 82061220 or 2506-4000 cnr?!

bands using the MD method and the TDC mechanism (the MD/ region. Since these statistical parametgfs §;) are inversely
TDC method), and (3) to compare the results of the present correlated to the number of Gauss-Lorentz bands used in the

study, obtained with careful analysis of the considerable
asymmetry of thev(C—0O) and »(O—H) band profiles of
methanol, with those reported by other grodp¥:26

2. Experimental and Computational Procedures
A. Experimental. The chemical mixtures were prepared with

fit, we chose this quantity on the basis of the best compromise
betweeny? value and the parameter uncertainties. In the fitting
procedure all parameters of the Gauss-Lorentz bands (width,
height, position, Lorentzian fraction) were allowed to change.
In the 2506-4000 cn1? region, the fitting procedure was done

in the following two steps, as the stronger peaks govern the

UV-spectroscopy grade chemicals used without further purifica- overall fit result because of the signal/noise ratio. First, the
tion. The mixtures were spectroscopically analyzed in quadratic dominating symmetric and antisymmetric methyl stretch con-
cells at a constant temperature of 293 K. The compositions of tribution$® around 3000 cm! were subtracted from the fitted

the mixtures were set tg,, = 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4,
0.3, 0.2, and 0.1, wherg, is the mole fraction of methanol. In

thev(C—0) region, measurements were also carried out for the

mixtures ofx,, = 0.05, 0.02, and 0.01. For each mixture, the

spectra. Then, the fits were carried out again in a more restricted
region between 3000 and 4000 thn

The following quantities were determined for théC—O)
andv(O—H) bands: the peak frequency positiofgak,isoand

Raman spectra in parallel (VV) and crossed (HV) polarizations Vpeaxani the first momentsMy iso and My ani over the whole
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spectral profile of each band, and the full width at half-maximum the MP2/6-33#G** level with a scale factor of 0.7, which is
fwhmis, and fwhmy,. The NCE has been evaluated as a found to be rather sensitive to the magnitude of the NCE of the

difference of the peak frequency positions NGE Vpeak,ani— oligomerv(O—H) band. We assumeigy = 7.823 mdyn A1

Vpeakiso@S Well as that of the first moments NGE= My ani — amu! and @u/dQ)on = 1.046 D A1 amu¥'2 for molecules

M1 so The uncertainties of all these quantities are given at the without hydrogen-bond donating-€H group??

95% confidence level. The Raman tensor of th§O—H) mode was assumed to be
All the measurements and the observed data treatments werexially symmetric with respect to the OH bond, and with the

carried out in Salzburg. same magnitude and depolarization ratio (0.167) for all the

C. MD Simulations. Calculations of vibrational spectra were ~Molecules. In fact, the spectral profiles do not depend on the
based on the liquid structures obtained from MD simulations @ssumed value of depolarization ratio as far as a common value
and the TDC mechanism for intermolecular vibrational interac- 1S assumed for all the molecules. Only the relative intensities
tions. The MD simulations were performed using polarizable between the isotropic and anisotropic components depend on

potential functions of metharf§land CC}2° for mixtures of this quantity.

composition in the range of 1.8 Xy, = 0.13° Only intermo- The computational procedure described above provided for
lecular degrees of freedom were considered. The total numbereach liquid sample a set of vibrational frequencies and the
of molecules in the simulation box witNVT fixed wasN = isotropic and anisotropic Raman intensities of delocalized

500, with temperaturd = 293 K and the molecular volume  normal modes. The overall spectral profiles were then obtained
vmeon = 71.2 A anduce, = 160.6 A3. The periodic boundary by convoluting these “stick spectra” with appropriate band shape
condition was employed. The time step was set to 2 fs. In eachfunctions. At this stage, we have to deal with the difference in
simulation, a time interval of over 240 ps was allowed to elapse the intrinsic bandwidth of the((O—H) mode, which, arising

for reaching thermal equilibrium, then 400 configurations were probably from the differences in the vibrational population
extracted in the subsequent sampling interval of 200 ps (onerelaxation and dephasing rates, is expected to depend on the
every 500 fs) to determine the band profiles. The normal modes hydrogen-bond condition. We assumed a Gaussian band profile,
of the mixtures were obtained by diagonalizing the F matrix, supposing that the vibrational dephasing of the OH stretching
whose off-diagonal terms were determined by the TDC mech- mode is in the slow modulation regime, and set the width as
anism. fwhmigo = fwhman = 40 cn? for each mode of a hydrogen-

In the previous MD simulation study on the NCE of neat Pond donating molecule, and fwhgv= 6.2 cn* and fwhmy
liquid methanol® a common value of diagonal force constant = 12.5 cni* for that of a molecule without a hydrogen-bond
[for = 6.75 mdyn A amurt for the v(O—H) mode andco = dona}tlng O-H group. Each delocalized norma! que of liquids
0.627 mdyn A% amu? for the »(C—0O) mode] were assumed o_btalned in the simulations generally has cont_rlbut|ons from _both
for all the molecules in the liquid. This was considered to be a kinds of molecules. The widths of convoluting band profiles
reasonable approximation because essentially all the moleculegvere determined by linear interpolation in this regard.
in the liquid are hydrogen bonded to other molecules. However, ~For thev(C—0) mode, ab initio MO and DFT calculations
to deal with the effects of dilution in Cglit is necessary to  for methanol clusters did not suggest linear dependenéesof
introduce variation of diagonal force constarftawvith the and @u/dQ)co onro...h. However, the behavior of the observed
hydrogen-bonding condition of molecules. Additionally, it is Raman spectra described below in Section 3A suggests that the
expected that the magnitude of dipole derivative (or transition value offco and the depolarization ratigpgo) depend on the
dipole) of thev(O—H) mode, Qu/dQ)on, also depends on the hydrogen-bonding condition. We assunfed = 0.629 mdyn
hydrogen-bonding condition of molecules, because it is well- A~ amu? and pco = 0.167 for hydrogen-bond donating
known that the IR intensity (proportional to the square of dipole molecules, andco = 0.617 mdyn A* amu* and pco = 0.0
derivative) of this mode gets significantly larger by forming a for molecules without a hydrogen-bond donating I group.
hydrogen bond as a proton donor. The higher value ofco for the former type of molecules is

To get insight into the variation of these two quantities with considered to be reasonable, because the so-called0"C
hydrogen-bonding condition, ab initio molecular orbital (MO) Strétching” mode treated in the present study has some contribu-
and density functional (DFT) calculations were carried out for tion of the OH bending vibration, and a higher force constant
some linear and cyclic clusters of methanol molecules (linear ©f this vibration is expected for a hydrogen-bond donating
dimer to tetramer and cyclic trimer to hexamer) at the HF, MP2, Molecule. The value gfco = 0.0 for the |atter type of molecules
and B3LYP levels of theory with the 6-31G** basis set by is derived from the observaltlon.descrlped below in Section 3A
using the Gaussian 98 progra#iThe calculations suggest that that the obse_rved d_e_polanzatlon ratio of the corresponding
fo and @u/dQ)oy are almost linearly dependent on the Ra@man band is negligibly small.
hydrogen-bond lengtho....;, although the coefficients of the The magnitude of the dipole derivativau(dQ)co = 1.54 D
linear dependence vary with the theoretical level, and none of A~* amu 2, determined from the observed IR intensityyas
the theoretical levels adopted in the present study seems to beassumed to be the same for all the molecules, as in the previous
sufficient to provide reasonable values of the coefficients that MD simulation study for neat liquid methant}°The Raman
can be directly used in the simulations. We therefore adjusted tensor was assumed to be axially symmetric with respect to the
the coefficients so that the simulated spectral profiles are in CO bond of each molecule, and its magnitude (i.e., Raman
reasonable agreement with the observed ones. We obtjned intensity) was assumed to be the same for all the molecules.
(/mdyn At amul) = 3.095+ 1.960ro...; (A) and @u/dQ)on The convoluting functions used to obtain spectral profiles were
(/D A=t amu2) = 16.149-7.335r0...4 (/A) for hydrogen- assumed to be Lorentzian with fwhgr 4.0 cn* and fwhmy,i
bond donating molecules. Both the coefficients in the former = 8.0 cnt* for each mode of a hydrogen-bond donating
formula were determined rather precisely, since they are molecule, and fwhig, = fwhman = 2.2 cnt* for that of a
sensitive to the location and the overall width of the oligomer Mmolecule without a hydrogen-bond donating-B group.

v(O—H) band. The coefficients in the latter formula were All the simulations described above were carried out on NEC
derived from those obtained from ab initio MO calculations at SX-5 and Fujitsu VPP5000 supercomputers at the Research
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Figure 1. Observed (right) and simulated (left)<® stretching LI B e e B e
[v(C—0)] isotropic Raman bands of methanol in methanol/CCI 3000 3200 3400 3600 3800 3200 3400 3600 3800
mixtures at 293 K, where, is the mole fraction of methanol. The b B
Raman intensities are normalized relative to their integrated intensities. wavenumber / cm

The in-plane methyl rocking bands/(CHs)] also appear in this

. 1o Figure 3. Observed (right) and simulated (left)<] stretching
frequency region as indicated.

isotropic Raman bands of methanol in methanol/G@iktures at 293
K, wherexn is the mole fraction of methanol. In the observed spectra,

o :,(&:-'ol) LR the dominating symmetric and asymmetric methy! stretching bands
L o o o o e B Y(CH,) below 3000 cm? are subtracted, following the band fitting procedure
described in the text, to clarify the behavior of the-B stretching
band. The Raman intensities are normalized relative to their integrated
intensities.
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. . o wavenumber / cm™
Center for Computational Science of the Okazaki National

Research Institutes, and on a Compaq XP1000 workstation inFigure 4. Observed (right) and simulated (leff) ® stretching

) : : anisotropic Raman bands of methanol in methanol{G@ktures at
one of the author’s laboratory in Shizuoka. 293 K. See also the caption for Figure 3.

3. Results and Discussion stretching bands subtracted) in Figures 3 and 4. It is seen that

A. Spectral Profiles. The concentration dependence of the progressive dilution of methanol in CLlproduces some
observed and simulated spectral profiles of the isotropic and remarkable changes in th¢C—0O) andv(O—H) band shapes.
anisotropic components of tC—0O) Raman band of methanol ~ As shown below, the origin of the overall spectral profiles may
in methanol/CCJ mixtures is shown in Figures 1 and 2, and be interpreted with the help of MD simulations of liquids carried
that of thev(O—H) Raman band (contributions of the methyl out in the present study as well as in previous stutfié3+



10156 J. Phys. Chem. A, Vol. 106, No. 43, 2002 Musso et al.

1045

IR B i i B R R R R R RN RN EE R EEEEEEEEEE 3650
.OO o i 3645
[ o . 1 3640 .
- 1040 {© ' © 0 ¢ j
5 P V Vg g 3425 A
-~ I v G . 4 1
g Y Vvy = [ & ]
&) i L 3400 ]
5 1035 - <IN 4 3. :
— B 4 > C
e [ A A& S sa75 a A .
s A 248 a c w5 OO A K K f
= [ & & & 2 [ T0069006090¢
o] v L ]
1030 o
o a 3350 - ]
N & = _ VY ]
c 1 1 c + 7
5 i ] & i v
o 3.3325—
0] T @ r
= 1025 - =
1 3300 -
® © - ;
L : I Q A O O @)
275 L 08 6 .
1020 Lo o o i i .
00 01 02 03 04 05 06 07 08 09 1.0 T
mole fraction of methanol 00 01 02 03 04 05 06 07 08 09 10
Figure 5. Observed and simulated dependence of the peak frequencies mole fraction of methanol

(Vpeay and the first momentsM;) of the isotropic and anisotropic Figure 6. Observed and simulated dependence of the peak frequencies
components of the €0 stretching Raman bands on the mole fraction (¥,ea) and the first momentsM,) of the isotropic and anisotropic

of methanol in CClat 293 K. Circle ©): Ppeaxss diamond ©): Vpeakari components of the ©H stretching Raman bands on the mole fraction
downward triangle ¥): My ss upward triangle £): M1 ani The open of methanol in CCJ at 293 K. See also the caption for Figure 5.

and filled symbols denote observed values, and the shaded symbols

denote simulated values. The _symbols with pht¥ &t the center denote component shows only a slight increase in frequency upon
the values for the end-of-chain band. dilution down tox,, = 0.2. Below this concentration there is a
MO calculations of methanol clustesand an observed IR shift to a value close t; jso

spectrunt?® _ ) ) As shown in Figure 5, the MD simulation reproduces the
In the »(C—O) region, a broad isotropic Raman band at gpserved concentration dependence. It may be said that the

~1035 cn1? [at Xm = 1.0, Fpeaks= 1036.2(1) cm?, My jso = agreement is good for the peak frequencies and fair for the first
1034.0(2) cm?, and fwhmy, = 22.0(2) cn!] and the corre- moments.

: X : 1 _
§pond|rlg anlso_trop|c Raman bland\aIOSO C”_T [atXn 1'?’ In the »(O—H) region, a broad isotropic Raman band with
Vpeakan= Mr.ani = 1029.9(1) cm” and fwhimay = 29.4(2) ] an asymmetric shape at3300 cni?® [at Xy, = 1.0, Ppeakiso=
are considered to be due to oligomeric units inside hydrogen- 3283(2) cm™, My 0 = 3341(1) cm?, and fwh N ’="§%k65(°20)
bonded chains. Upon dilution, a shoulder on the low-frequency em-1] and thé colflrsé)sponding anisot’ro ic Ramn?] banda8s0
side of the oligomer band in the isotropic Raman spectrum cmL [at xn = 1.0, 7 = 3377(2) (F:)ml Myani = 3381(3)

m — L.Y, Vpeak,ani— ’ l,ani —

becomes apparent &t ~ 0.3, which transforms into a well- ) T . ! . /
resolved separate narrow bandk@t~ 0.2 Fpeakise= M1 iso = cm™1, and fwhmyy, = 213(20) cnml] are due to oligomeric units

1022.8(1) cm® and fwhms, = 4.6(2) cnTY. This band, with inside hydrog_en-bonded chains, just as _HQ@_—O) band at
an increasing intensity upon dilution, is assigned to solvated ~1030 cnt* discussed abovel. _Upon dllutl_on_m Qc_anc_)ther
molecules without hydrogen-bond donating-B group located harrower . ?“365‘? e increases in intensity n the
at the chain end (probably including solvated monomers). The |sotr9p|c and an|_sotrop|c Raman spectra. At the_ noise level
lower frequency of this band as compared with the oligomer obtained here, this bar_ld appears to be_symmetrlc, and hence
band is reasonable, as discussed above in Section 2C. There il'€ Peak frequency coincides with thel first momentyat=
no anisotropic Raman band regarded as a counterpart of thisl:0: Vpeakiso= Mo = 3644.5(3.9) cm]. It is assigned to
isotropic Raman band except in a very dilute solutigg € solvated moleculeg W|thout'hydro.gen-bond donatirgH3yroup
0.02), indicating that the depolarization ratio of this band is very 0cated at the chain end, including solvated monom&#§°
small. The intensity of the oligomer band decreases upon The concentration dependence of the peak frequencies and
dilution, until it vanishes at high dilutions¢, < 0.02. the first moments of the/(O—H) isotropic and anisotropic
The concentration dependence of the peak frequefigias Raman band profiles is shown in Figure 6. It is seen that the
(both for the oligomer band and the end-of-chain band) and peak frequency (as well as the band shape in Figure 3) of the
the first momentdv; of the v(C—O) isotropic and anisotropic  oligomerv(O—H) isotropic Raman band does not appreciably
Raman band profiles is shown in Figure 5. It is seen that the change with dilution, while starting &, ~ 0.5 the first moment
isotropic component of the oligomer band shifts to higher My sogradually increases due to the increasing intensity of the
frequencies upon dilution down tg, = 0.2 compared to the  end-of-chain/(O—H) band at~3650 cn™. The latter gradually
position in neat liqguid methanol. Upon further dilution, a shifts from 3643.8(1.0) cnt (at X, = 0.9) to 3647.9(4) cm*
remarkable decrease bfy 5o is observed due to the increasing (atxyn = 0.1) upon dilution with narrowing bandwidth [fwhgn
intensity of the end-of-chaiw(C—0) band. The anisotropic = 40 to 15.3(2) cml]. Note that in neat liquid methanol only
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(0): NCE; upward triangle 4): NCEy. The open and filled symbols incidence effect of the ©H stretching band of methanol on the mole

denote observed values, and the shaded symbols denote simulatedraction of methanol in CGlat 293 K. NCE is determined from the

values. The hexagons denote the values of Naltserved in ref 9. peak frequencie8yeas and NCEy from the first momentdv;. Circle
(0): NCE; upward triangle £): NCEy. The open and filled symbols

a very weak trace of this end-of-chaifO—H) band can be denote observed values, and the shaded symbols denote simulated

. - T values. The symbols with plus-} at the center denote the values for
detected, in accordance with the IR spectftinf neat liquid the end-of-chain band. The open and dotted hexagons denote the values

methanol. ) ) of NCE, observed in refs 9 and 10, respectively.
For the anisotropic component also, the peak frequency and
the shape of the oligomer band at3380 cnmr' do not —6.3(2) cn1l]. Only below this concentration there is a reversal

appreciably change with dilution, but the first moment shows & of tendency, until NCF approaches zero at high dilution
slight and gradual increase starting>at ~ 0.5 due to the  (x, < 0.02). The increase of the magnitude of NCE with dilution
InCI‘eaSIng IntenSIty Of the narrow band att“buted to the end' |S Opposed to the usua' beha\ﬁé}observed Wlth po'ar non-
of-chainv(O—H). The latter also shifts from 3640(3) cthto hydrogen-bonded liquids diluted in either nonpolar or polar
3645.7(7) cm? with dilution (close to the position measured gglvents.
by IR spectroscopy; 3644(1) cn1?), although without any clear The result that the magnitude of NG larger than that of
evidence of narrowing. NCEy is mainly due to the red-tailed asymmetry of the isotropic
The MD results for the shift of the peak frequencies and the Raman band. Based on Knapp’s mo#iehis band asymmetry
first moments are in reasonable agreement with the Ramanis reasonably explained by intermolecular resonant vibrational
spectroscopic results at least until downxg = 0.5. The interactions, which are predominantly distributed around positive
increasing quantitative deviation between experimental and MD values (leading to negative NCE). It is thus not necessarily due
results at lower concentrations is due to the fact that at the tg hot bands as discussed in ref 7.
present stage the MD simulation is not able to reproduce the  The concentration dependence of the noncoincidence effect
strong increase of the end-of-chain—@ band intensity (see (NCE, and NCHy) of the »(O—H) band is shown in Figure 8.
Figure 3). o . It is seen that there is reasonably quantitative agreement between
B. Noncom(_:ldence EffectThe concentrat_|on dependence of the experimental and MD simulation results. For the value of
the NCE obtained from the peak frequencies (NJGEd from NCE,, in which only the broad/(O—H) band is involved, our
the first moments (NC#) of the »(C—0) band is shown in  results are in good agreement with those obtained in refs 9 and
Figure 7. It is seen that the observed value of NCEanges  10. Within the experimental and statistical (computational)

from —5.0(1) cm! in neat liquid t0—13.0(2) cm* at Xy = uncertainties, this value is essentially independent of concentra-
0.1. This result is quantitatively well reproduced by the MD tion [NCE, = 94(3) cnT! atxn = 1.0 and 99(3) cm'* at Xy =
simulation and is in agreement with the results of ref 9. 0.1]. The value of NClz [NCEy = 39(4) cntt at x,, = 1.0]

More importantly, both in the experiment and in the MD also remains large upon dilution in CGlown to x, = 0.3
simulation the NCIg of the »(C—O) mode [experimentally  (where NCEy = 45.5(8.9) cmb). Further dilution leads to a
NCEy = —4.1(5) cn! at X, = 1.0] becomes moreegative decrease of NG due to the increasing intensity of the end-
upon dilution in CC} down to xm ~ 0.2 [where NCly = of-chainv(O—H) band. This narrow band also shows a small
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Figure 9. Calculated distributions of the‘@H hydrogen-bond length 0.0 !
ro-4 in neat liquid methanolx, = 1.0) and in a methanelCCl, 1.5
mixture atx, = 0.1.
1.0
NCE (NCE, = —6.2(4.0) cmit atx» = 0.8), but with the sign
opposite to that of the oligomer(O—H) band. This NCE 0.5-
decreases to NGE= —3.2(1.2) cm? at X, = 0.1. The MD
results for this band show the NCE of the correct sign (NCE 0.0 |
= —1.0 cm! at X, = 1.0), although they somewhat underes- 0 2 4 6 8 10 12
timate the magnitude. Presently there is no interpretation for DISTANCE / A

thg origin of this NCE, _bUt its appearance may confirm that Figure 10. Pair distribution function [zeroth-order componeg(r)]

this narrow band contains contributions of the free OHs of of the CO bonds calculated for neat liquid methang] € 1.0) and

hydrogen-bonded chains in addition to solvated monofifers. methanol/CGJ mixtures até, = 0.8, 0.6, and 0.4, normalized so that
The result that the value of NGHES larger than NCF for go(r) — X2 asr — oo. Solid line: total profiles; dashed line:

the oligomery(O—H) band is due to the strongly blue-tailed contribution from molecule p_airs that are d_irectly hydrogen bonded to

asymmety of he isfropc Raman band. Asciscussed n Secton S e (5922 0, e e contivtn o e et e

2C, the dlag.onal_force con§tant of W(@_H.) mpdg, th? square - common molecule (class 2); dedlashed line: contribution from “all

root of which is proportional to the intrinsic vibrational e other pairs of molecules (class 3).

frequency of the ©-H oscillator (i.e., the frequency when the

intermolecular resonant vibrational interaction is switched off), bonds of moleculesandj, R; is the length of this vector, and

is related to the ©-H hydrogen-bond lengtio...4, which Q; and Q; are the unit vectors in the direction of the relevant

manifests the hydrogen-bond strength. The distributions of bonds of the two molecules. In the case where this second-

ro..4 obtained in the present MD simulations fgs = 1.0 and order expansion is a good approximatiorgR;; i, €2;), NCE,

0.1 are shown in Figure 9. It may be reasonable to consideris proportional toHp() p xm 1,4 wherep is the total number

that the profile of the oligomer(O—H) band reflects the form  density and the functiokip(r) is defined as

of this distribution of ro..y, taking into account that the

asymmetry of the band profile and the form of the distribution _ ("

of ro...y are both essentially independent of concentration in Ho(1) ﬁ) dR Rp(RIR )

the range of 1.&= x, = 0.1. Based on Knapp’s mod& pand . ) . .

asymmetry also arises from intermolecular resonant vibrational In_ addition to the total profiles of these fu_ncgons, as shown in

interactions betweem(O—H) oscillators. Since the coupling ~F19ures 3 and 4 of ref 19 for neat liquid methanol, the

constants are negative (leading to positive NCE), this mechanismcontributions of the following three classes of molecule pairs
also gives rise to blue-tailed asymmetry. are calculated in the present study: (1) molecule pairs which

C. Relation between the Noncoincidence Effect and Liquid are directly hydr_ogen bonded to each other, (2) molecule pairs
Structures. To examine the contribution of interacting mol- ‘r’]"h(;Ch arel?ot ddl:jectly hydrogen bcl)ndeld to SaCh cl’lthﬁr bllf]t
ecules to NCE as a function of intermolecular distance, the pair Ydrogen bonded to a common molecule, and (3) all the other
distribution function§9v20by3sg(Rij; Q;, @) of the OH and CO pairs of molecules, such as the pairs of molecules belonging to

bond luated b dina them to th d order adifferent hydrogen-bonded chains.
onds are evaluated by expanding them fo the second order & The functionsgo(r) and Hp(r) calculated for the CO bonds

. — . YO O of methanol forx, = 1.0, 0.8, 0.6, and 0.4 are shown in Figures
Oy €. ) = 6(R) + MR, + , 10 and 11. These functions are normalized so gh@) — Xu2
ho(Ry) [B(R;€2)(R;2)/R;” — ] (1) asr — oo (in this sense, they are equal to the functions denoted
asgo'(r) andHp'(r) in our previous stud’??). The form ofgo(r)
where R;j is the vector connecting the relevant (OH or CO) at xn = 1.0 is quite similar to that of the radial distribution



Noncoincidence Effect of Methanol/CLI J. Phys. Chem. A, Vol. 106, No. 43, 20000159

4.5

3.0

1.5

0.0
4.5

9(N
PO
no

0.0

3.0 1

1.5+

T T T T T 0.0 T | f { f
0 2 4 6 8 10 12 0 2 4 6 8 10 12
DISTANCE / A DISTANCE / A

Figure 11. Pair distribution function [second-order component inte-  Figure 12. Pair distribution function [zeroth-order componegy(r)]
grated Hp(r)] of the CO bonds calculated for neat liquid methanl ( of the OH bonds calculated for neat liquid methangl € 1.0) and

= 1.0) and methanol/C¢mixtures atx, = 0.8, 0.6, and 0.4. See also  methanol/CC| mixtures atx, = 0.8, 0.6, and 0.4. See also the caption
the caption for Figure 10. for Figure 10.

function for the center of mass shown in a previous sfiidy, structure leads to the increase of the negative NCE of the
since the center of the CO bond is located close to the centerv(C—0) band and is the reason for its apparently peculiar
of mass in a methanol molecule. behavior.

As discussed in ref 19 fox,, = 1.0, it is seen thaHp(r) It should be remarked here that NCE in methanol is affected
overshoots the value dip(w) atr = 4 A, and a value nearly by pressure as well as by methanol concentration. An increase
equal toHp(w) is reached at = 5 A. This is mainly due to in pressure results in a reduced magnitude of NCE the
partial cancellation of the contributions from molecule pairs v(C—0) band] because the increase in the number density
belonging to classes 1 and 3. The molecule pairs belonging toinduced by this thermodynamic change gives rise to a locally
class 1 are located in thre< 4 A region (as shown byg(r) in anisotropic variation in the liquid structure where only the
Figure 10), and give rise to the large negative valuelgfr) at number density of non-hydrogen-bonded pairs of closely located
r = 4 A shown in Figure 11. In the > 4 A region this negative molecules, whose CO stretching vibrations are positively
value is partially canceled by the positive contribution from the coupled, becomes larg&tlt is thus concluded that the effects
molecule pairs belonging to class 3. As discussed in ref 19 (seeof pressure and methanol concentration on the NCE may be
Table 1 and Figure 2 there), the different signs of the interpreted in a consistent way, since such a locally anisotropic
contributions toHp(r) result from the different signs of the variation in the liquid structure is induced by a change in either
coupling constants involved. of these two variables. In other words, a reduced magnitude of

As methanol is diluted in CGlthe contribution from class 1  NCE observed at a high pressure (for neat liquid methanaol) is
(if Hp(r) shown in Figure 11 is multiplied by xm~1) remains qualitatively interpreted as if the concentration dependent
almost the same, since the number of molecule pairs belongingbehavior is extended into the, > 1” region, in the sense that
to class 1 that gives rise to the first peakgafr) atr = 3.2 A non-hydrogen-bonded pairs of molecules are located closer to
does not decrease so much upon dilution, as shown in Figureeach other than in the, = 1 liquid at ambient pressure.

10 (this persistence of hydrogen bonds of methanol upon dilution  The functionsgy(r) andHp(r) calculated for the OH bonds

in CCly has also been shown in a previous MD simulation of liquid methanol are shown in Figures 12 and 13 fgr=
study*®). The contribution from class 3 decreases upon dilution, 1.0, 0.8, 0.6, and 0.4. In this case, a large partigfe) is
because the number of molecule pairs belonging to this classexplained by the contribution from class 1 in the 3 A region,
decreases as hydrogen-bonded chains get separated from eacahhich remains almost the same upon dilution. The contributions
other by the solvent molecules. As a result, the contribution from the other classes are very snilit may be said, therefore,
from class 1 molecules gets predominant in dilute solutions. that the almost constant values of the NCE obtained for the
This kind of unbalanced, locally anisotropic change in the liquid OH stretching band in the 0.4 X, < 1 range indicate
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Figure 13. Pair distribution function [second-order component inte-
grated Hp(r)] of the OH bonds calculated for neat liquid methang] (
= 1.0) and methanol/C¢mixtures atx, = 0.8, 0.6, and 0.4. See also
the caption for Figure 10.

persistence of hydrogen bonds upon dilution of methanol in
CCly, in accord with the result of a previous MD simulation
study?13

4. Conclusions

The main conclusions obtained in the present study may be
summarized as follows. (1) The magnitude of the negative NCE

observed for thev(C—O) band increases upon dilution of
methanol in CCJ down tox, ~ 0.2, while the positive NCE of
thev(O—H) band remains almost the same upon dilution down
to Xm ~ 0.3. (2) The experimental and MD simulations results

are in agreement with each other in this respect. The param-
etrization adopted in the simulations is therefore considered to 14

Musso et al.

As described above, the apparently peculiar behavior of the
NCE that occurs upon dilution of methanol in G& due to a
locally anisotropic change in the liquid structure. The NCE is
sensitive to such a local anisotropy of liquid structure because
it is related to the integrated second-order tefig(r) of the
expansion of pair distribution functiog(R;;; €2;, £2;) shown in
egs 1 and 2. It may be said that this is a distinctive feature of
the NCE among various quantities that can be analyzed in liquid
structure studies.
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