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Liquid Structures and the Infrared and Isotropic/Anisotropic Raman Noncoincidence in
Liquid Methanol, a Methanol —LiCl Solution, and a Solvated Electron in Methanol:
Molecular Dynamics and ab Initio Molecular Orbital Studies

Hajime Torii*
Department of Chemistry, School of Science, Thevéisity of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
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The relationship between the liquid structures, vibrational interactions, and the wavenumber differences among
the infrared (IR), isotropic Raman, and anisotropic Raman components of vibrational bands (the noncoincidence
effect) is analyzed theoretically for the OH stretching bands of neat liquid methanol and a metti@hol
solution. The analysis is also carried out for the CO stretching band of neat liquid methanol for comparison.
The IR and Raman spectra are calculated on the basis of the transition dipole coupling (TDC) mechanism
and the liquid structures derived from molecular dynamics (MD) simulations (the MD/TDC method). It is
shown that the signs and magnitudes of the noncoincidence effect observed for the OH and CO stretching
bands of liquid methanol, which are significantly different between these two bands, are well reproduced by
the calculations based on the same set of liquid structures and the same mechanism of vibrational interactions.
The analysis of the origin of the noncoincidence effect shows that the vibrational interactions within hydrogen-
bonded chains explain the major part of the noncoincidence effect for the OH stretching band of liquid methanol,
while in the case of the CO stretching band, the negative noncoincidence effect arising from the vibrational
interactions between hydrogen-bonded molecules is partially canceled by the contribution of the interactions
between molecules which are not directly hydrogen bonded to each other. The reversed (negative)
noncoincidence effect observed for the OH stretching band of a methli@ll solution is shown to be

mainly explained by the liquid structures formed around thei@i and the vibrational interactions determined

by the TDC mechanism. To support the discussion, ab initio molecular orbital (MO) calculations are performed
for cluster species consisting of a @r Li* ion and a few methanol molecules. As an extension of the study

on the methanetCl~ system, ab initio MO calculations are also carried out for clusters with an electron
substituted for the Clion. A possible vibrational spectroscopic feature of the liquid structures formed around

a solvated electron is discussed.

1. Introduction It is therefore expected that the sign and the magnitude of the
) noncoincidence effect are sensitive to the liquid structure,
~ The phenomenon that the wavenumbers of the infrared (IR), harticularly the relative orientation of neighboring molecules.
isotropic. Raman, and anisotropic Raman components of ayyhen the liquid structure is determined by the interactions
vibrational band do not coincide, called the noncoincidence patveen permanent dipoles of molecules and if the permanent
effect, has been studied for the past decades. TROC  inge is parallel to the transition dipole of the relevant vibration,
stretching band of liquid acetone is among the typical cases for | analytical theofybased on the mean spherical approxima-
which the noncoincidence effect can be clearly obsetvééor tion!s predicts the noncoincidence &8, < Vaniso = Vg, i
this vibrational band, as well as the corresponding bands of Otheragreement with the experimental resul'?s obt;?lrsl;(j_for Q@C

; PPET
carbonyl compounds such Bs\-dimethylacetamidé;'ithas stretching bands of liquid acetone and other carbonyl com-
been observed that the isotropic Raman component is S|gn|f|-IOOundS

cantly lower in wavenumber than both the IR and anisotropic L . ) .

Raman components, with a smaller wavenumber difference  YWhen the liquid structure is mainly determined by hydrogen-
between the latter two; i.eviso < Vanso= vir. This noncoin-  Ponding interactions, the relations, < vaniso= vir does not
cidence effect has been interpreted as arising from intermolecularf’€cessarily hold even if the intermolecular vibrational interac-
vibrational interactions determined by the transition dipole tions are determined by the TDC mechanism. The CO stretching
coupling (TDC) mechanisir:? The experimental results that Pand of liquid methané)f is among such cases. The isotropic
the magpnitude of the noncoincidence is reduced by isotopic andR@man component of this vibrational band is observed1&t36
chemical dilution (e.g., dilution with acetor}8® or CCL)10-13 cm 1, which ishigherby 5 cn! than the anisotropic component
support this view. According to the TDC mechanism, a (~1031 cnt).%In our previous studythis vibrational band
vibrational coupling constant depends on the distance andhas been analyzed on the basis of the TDC mechanism and the
relative orientation of the molecules involved in the coupfirj4 liquid structures derived from Monte Carlo (MC) simulations
(the MC/TDC method). It has been shown that the observed
* Phone and fax:+81-3-3818-4621. E-mail: tori@chem.s.u-tokyo.ac.jp. Raman noncoincidence is explained by the TDC mechanism
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and is consistent with the relative orientation of the CO bonds 2. Computational Procedure
of methanol molecules determined by intermolecular hydrogen A. Calculations of the Structures and Vibrational Spectra

bond|.ng: o of Neat Liquid Methanol by the MD/TDC Approach. MD
In liquid methanol, thg noncoincidence effect can be observed gjmylations were performed on neat liquid methanol by using
also for the OH stretching barid® In contrast to the case of g polarizable intermolecular potential function derived by Gao
the CO stretching band, the wavenumber of the isotropic et a].23in which many-body interactions are taken into account
component {3320 cn1!) of the OH stretching band iswer by assuming isotropic polarizability on all the atoms. Intermo-
than that of the anisotropic component3380 cn?). In this lecular forces due to induced dipoles were calculated by the
respect, the situation may seem to be similar to that of the C  method described in ref 24. Only intermolecular degrees of
O stretching band of liquid acetone, although the magnitude of freedom were considered. Four-dimensional vectors (quater-
the noncoincidence is significantly different (60 chrfor the nions) were used to represent molecular orientations in solving
OH stretch of methanol vs 5 crh for the G=0O stretch of  the equations of motio?f:2in combination with the leapfrog
acetone). The feature that is unique to the OH stretch of jntegration method® The liquid system consisted of 216
methanol is that the IR band (3350 TH® comes near the  molecules in a cubic cell. The periodic boundary condition was
middle of the two Raman components, i8so < ViR < Vaniso employed. The volume of the cubic cell was fixed so that the
Itis therefore interesting to examine whether the liquid structure molecular volume is equal to that given in ref 23. The
of methanol derived from numerical simulations is consistent temperature was kept at 298 K by adjusting the total kinetic
with this experimental result. energy every 200 fs. The time step was set to 2 fs. The system
When lithium chloride or lithium bromide is dissolved in  was equilibrated for 64 ps, after which a production run of 80
liquid methanol, the OH stretching band is affected signifi- ps was carried out.
cantly820The wavenumber separation between the two Raman IR and Raman spectra were calculated by treating each
components, denote@\vaniso-iso (=Vaniso — Viso), Which is molecule as an oscillator having a transition dipole, in the same
positive for neat liquid methanol, is reduced as the concentrationway as in our previous studi€d?27-28Liquid structures were
increases and becomes negative above a certain concentratiorextracted from the MD simulation (the production run of 80
At the LiCl/methanol mole ratio of 0.18 Avaniso-iso iS —44 ps) every 200 fs, and the IR and Raman spectra calculated for
cm, which is different from that of neat methanol by about such 400 instantaneous liquid structures were averaged. All the
100 cntl. Two different mechanisms have been proposed to diagonal elements of thE matrix were assumed to be 6.75
explain this experimental result. Perchrbas suggested that mdyn A~ amu for the OH stretch and 0.627 mdyrmAamut
this reversed Raman noncoincidence originates from a tetrahe-for the CO stretch, which correspond to an unperturbed
dral arrangement of methanol molecules around the halide ion, vibrational wavenumber of 3385 and 1032 chrespectively.
the vibrational interactions among which being determined by The off-diagonal elements were determined by the TDC
the TDC mechanism. By contrast, Kecki and SokolowW&ka mechanism, and are expressed as
have suggested that indirect vibrational interactions between
methanol molecules mediated by the polarization of the metal F = 5lli5ﬂj - 3(5lli”u)(5ﬂj”ij 1
ion and/or the halide iof? rather than direct vibrational i R @
interactions, give rise to the negative Raman noncoincidence )
for the methanctLiCl solution and some other electrolyte \yhere 94, and dp; are the transition dipoles of the relevant
solutions. It is therefore interesting to analyze the microscopic \;iprations of molecules i and i is the unit vector along the

liquid structures around the ions by numerical simulations and |ine connecting the two transition dipoles, aRgis the distance
to examine whether direct vibrational interactions of molecules peqween the two transition dipoles. The normal modes of the

around_ the ions give rise to the observed feature of the OH liquid system were calculated by diagonalizing tRematrix
stretching Raman band. (with size 216 x 216) thus constructed. The vibrational
In the present study, the IR and isotropic/anisotropic Raman transition dipole of each molecule, with a magnitude of 3.647
noncoincidence has been analyzed theoretically for the OH D A-1amu 2 (OH stretch) or 1.54 D Al amu /2 (CO stretch),
stretching bands of neat liquid methanol and a methahig| was assumed to be parallel to, and located at the center of, the
solution. For neat liquid methanol, the analysis is based on therelevant (OH or CO) bond. The magnitude of the transition
TDC mechanism and the liquid structures derived from molec- dipole is consistent with the observed IR intensi#®¥ The
ular dynamics (MD) simulations (the MD/TDC method). The Raman tensor of each molecule was assumed to be axially
relation between the relative orientation of neighboring mol- symmetric with respect to the relevant bond. Each calculated
ecules in the liquid and the vibrational spectral features is spectrum was convoluted with a Gaussian function with a half-
examined. The results are compared with those obtained forwidth at half-maximum of 60 cm' (OH stretch) or 9 cm! (CO
the CO stretching band. The analysis for a methahdCl stretch) to take into account band broadening due to factors other
solution is carried out with the following two methods: (1) the than TDC.
MD/TDC method based on the results of MD simulations on  These calculations were carried out on an NEC SX-3R
methanot-Cl~ and methanetLi™ solutions and (2) ab initio  supercomputer at the Computer Center of the Institute for
molecular orbital (MO) calculations on cluster species consisting Molecular Science and on an S-3800 supercomputer at the
of a few methanol molecules and aGir Li* ion. The liquid Computer Center of the University of Tokyo.
structures, vibrational interactions, and vibrational motions  B. Calculations of the Structures and Vibrational Spectra
responsible for the spectral features are clearly shown. As anof Methanol—Cl~ and Methanol—Li* Solutions by the MD/
extension of the study on the methan@l~ system, ab initio TDC Approach. MD simulations on these solutions were
MO calculations are also carried out on a few cluster species performed by substituting a Clor Li* ion for a methanol
with an electron substituted for the Clon. The IR-Raman molecule in a liquid system consisting of 128 methanol
noncoincidence characteristic of liquid structures formed around molecules. Polarizable intermolecular potential functions derived
a solvated electron is predicted on the basis of these calculationsby Dang! and by Dang et al? were used for the ions. The
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periodic boundary condition was employed. As in the case of
neat liquid methanol, the time step was set to 2 fs and the
temperature was kept at 298 K by adjusting the total kinetic
energy every 200 fs. The system was equilibrated for 60 ps,
and a production run of 166240 ps was carried out.

Inspection of the radial distribution function for the dbn
and the hydroxyl hydrogen atom indicated that the first solvation
shell of this ion is defined agCl~++*Hp) < 3.2 A. Similarly,
the first solvation shell of the ttiion is defined as(Li*---O)
< 3.0 A. To obtain the spectral features characteristic of the . . . ‘
liquid structures formed around the ions, the methanol molecules 3500 3300 3100 1060 1020 980
in the first solvation shell were treated as active molecules for WAVENUMBER / cm ™"
each instantaneous liquid structure extracted from the MD Figure 1. IR and Raman spectra in the OH stretching region (left side)
simulations every 200 fs, and the IR and Raman spectra wereand in the CO stretching region (right side) of neat liquid methanol
calculated for these active molecules by the MD/TDC method calculated by the MD/TDC method.
and then averaged. For almost all the instantaneous liquid ) )
structures, four or five methanol molecules were contained in Py Using the same procedures as described above for the
the first solvation shell of the Clion, and four methanol ~ Methanot-CI™ cluster species. . .
molecules in the first solvation shell of the*Lion. Only the All the ab initio MO calculations were carried out by using
spectra in the OH stretching region were calculated. All the the Gaussian 94 progrdfnon IBM SP2 computers at the
diagonal elements of tHe matrix of the active molecules were ~ Computer Center of the Institute for Molecular Science and on
assumed to be 6.61 mdyn—Aamu—l, which corresponds to an HewIett-Eackard mode! 735' and Digital Alpha Station 255/233
unperturbed vibrational wavenumber of 3349 dmand is  Workstations at the University of Tokyo.
slightly smaller than the value used for neat liquid methanol.
This slight difference in the diagonal force constant affects only
the absolute wavenumber positions of the IR and Raman bands A. Neat Liquid Methanol. The IR and Raman spectra of
but not the sign and magnitude of the noncoincidence effect. neat liquid methanol in the OH stretching and CO stretching
All the other details of the calculations of the IR and Raman regions calculated by the MD/TDC method are shown in Figure
spectra, including the magnitude of the transition dipole of each 1. In the OH stretching region, the isotropic Raman component
molecule, were the same as in the case of neat liquid methanol.is significantly lower in wavenumber than the anisotropic
C. Ab Initio MO Calculations on Cluster Species.Ab initio component &vaniso-iso > 0), and the IR band comes near the
MO calculations of IR and Raman spectra were carried out for Middle of these two Raman components, in agreement with the
methanot-Cl~ and methanetLi™ cluster species by the fol- ~ experimental res_ult‘s?.*lgThe Raman noncoincidence of the CO
lowing three steps. (1) The methanol molecules in the first Strétching band is calculated to be negatiieiso-iso < 0), in
solvation shell of the ion and the ion itself were extracted from accord with the experimental resit® and our previous
the above MD simulations every-8 ps. The IR and Raman calculatio® employing a different set of parameters for the

spectra were calculated for these instantaneous liquid structuredntérmolecular potential functiof?.In Table 1, the calculated
(60 configurations for methanelCl~ and 20 configurations for wavenumbers (first moments) are shown in the row of “all pairs

methanot-Li*) at the Hartree Fock (HF) level with the 6-31- (i.e., calculated by including vibrational interactions between

(+)G** basis set (6-31G** augmented by diffuse functions on all pairs of molecgles). The observed wavenumbers are also
the oxygen atoms and the ions). In this way, the results obtainedShown for comparison. The observed and calculated wavenum-

from the MD/TDC and the MO approaches may be directly bers are in reasonable agreement for all three components of
. each band.
compared with each other. (2) The structures of the above cluster . . . . .
To examine what kind of intermolecular interactions are

species were optimized at the HF/6-3)G** level. The IR . .
and Raman spectra were calculated for the optimized structures;Q)F:?JL?QIR?%{;Eeanw(?\;en?;;?zgicdéf;izzzcgzm%n;g;dgmﬂf IR,
F Hk ! !
gjgtggfoi{iﬁggzsa?ft;[gnslfeigr?(;-t:rz;Fl\//lﬁ;ﬂGesslgtv S(Ia\rqurrk?a- _1)/2 pairs of molecules (_V\_/itN _being the number_of molecu!es
tion (MP2) level with the 6-31)G** basis set. The IR and in the sys_t_em) are classified into a few categories accord!ng to
e ) the condition of intermolecular hydrogen bonding and vibra-
Ram‘?‘” s'plectra were then qalculated by using the dipole andtional wavenumbers are calculated by including only the
polarizability derivatives, which are calculated by the method vibrational coupling of the pairs belonging to a given category.
of Komornicki and Mclveri* and an approximate vibrational 5 cases 'a common set of liquid structures derived from
force field, which is obtained from the gradients of the structures !

. . . . MD simulations are used. The results are shown in Table 1. A
displaced along the OH stretching coordinates. This step WaSpair of molecules is regarded as hydrogen bonded if theHD

not carried out for the clusters containing five methanol po.q length is less than 2.6 A and the ®1—0 angle is larger

molecules because of the limitation of the available computa- {h5n 96.

tional resources. For the OH stretching band, it is clear from the comparison
The configurations of the methanol molecules in the methanol  of the values in the first and fourth rows that the vibrational

CI~ clusters obtained in steps 2 and 3 were used as initial interactions between hydrogen-bonded pairs of molecules give

structures in the geometry optimization of the methaiol rise to a major part of the noncoincidence effect (adthniso-iso

clusters. The IR and Raman spectra were calculated for theand Avg—iso). The contribution of the non-hydrogen-bonded

optimized structures of the latter species at the HF and MP2 pairs [the molecules which amot directly hydrogen bonded

levels with the 6-31(+)G** basis set [the 6-31)G** basis with each other butmay behydrogen bonded wittother

set augmented by diffuse functions on the hydroxyl hydrogens] molecules] shown in the second row is rather small. The values

iso iso

RAMAN
INTENSITY ABSORBANCE

) aniso
aniso

3. Results and Discussion
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TABLE 1: Calculated and Observed Wavenumbers (first moments, cm?) of the Infrared and Isotropic/Anisotropic Raman
Components of the OH and CO Stretching Bands of Neat Liquid Methanol

intermolecular interactions VIR Viso Vaniso AVir-iso AVaniso-iso
OH stretching band
calcdt hydrogen-bonded pairs 3354.4 3329.4 3381.0 25.0 51.6
non-hydrogen-bonded pairs 3386.2 3375.4 3383.8 10.8 8.4
within hydrogen bond chains 3352.9 3319.0 3380.3 33.9 61.3
all pairs 3355.8 3320.0 3380.0 35.8 60.0
obsvd 3350 ~3320 ~3380 ~30 ~60
CO stretching band
calcdt hydrogen-bonded pairs 1032.5 1037.7 1031.2 —5.2 —-6.5
non-hydrogen-bonded pairs 1032.0 1029.2 1031.5 2.8 2.3
within hydrogen bond chains 1033.1 1037.9 1031.3 —4.8 —6.6
all pairs 1032.9 1035.4 1031.1 —-25 —-4.3
obsvd 1035.9 1030.9 -5.0
obsvd 1034.7 1034.8 1029.5 -0.1 -5.3

a Calculated with the MD/TDC method.References 1719. ¢ Reference 169 Reference 19.

in the third row include the effects of interactions between 1.0
molecules in a common hydrogen-bonded chain, e.g., between @ (c)
molecules A and C in a hydrogen-bonded chain ofBx-C. 0.5
For both Avaniso-iso @nd Avir—iso, the values in the third row
are almost equal to those in the fourth row (the total values). 0.0
Therefore, it may be said that vibrational interactions within -
hydrogen-bonded chains explain the major part of the non- S 054
coincidence effect of the OH stretching band. This result is in 8
contrast to that obtained in our previous sttidpr the amide & 10
| band of liquid formamide, for which only one-third of the 95: (b) (d)
total Avir—iso is explained by the vibrational interactions between I 054
hydrogen-bonded pairs of molecules. 5
The situation is different for the CO stretching band. As 0.0
shown in Table 1, the vibrational interactions between hydrogen-
bonded pairs of molecules induce a negative noncoincidence 0.5
effect, which is partially canceled by the contribution of the
non-hydrogen-bonded pairs. In this sense, the vibrational in- 1.0 1 : it .
teractions between non-hydrogen-bonded pairs are important for 02 -01 00 041 -0.012-0.006 0.0 0.006 0.012
estimating the magnitude of the noncoincidence effect. The COUPLING CONSTANT / mdyn At amu™

partial cancellation originates from the difference in signs _ ) ) )
between the (average) vibrational coupling constants of hydrogen-F19uré 2. Correlation between a coupling constant and the relative
bonded pairs and those of non-hvdrogen-bonded pairs. As sShow orientation of molecules |nvolved_ in the coupling for (a) the OH
h pairs hydrog a p rEtretchmg and (c) the CO stretching modes of the hydrogen-bonded
in our previous stud§, the vibrational coupling constants  pairs of molecules, and for (b) the OH stretching and (d) the CO
between hydrogen-bonded pairs are mostly positive, giving rise stretching modes of the non-hydrogen-bonded pairs of molecules within
to a negative noncoincidence effect (negative valuesgfiso-iso 3.8 A, in neat liquid methanol. The number of pairs is represented by
andAvir-iso), but the coupling constants between non-hydrogen- 2 dot_size_. The ratio of tr_\e number of pairs represented by the maximum
bonded pairs are mostly negative, giving rise to a positive 90t size in each figure is (a):(b):(c):(¢ 40:3:26:4.
noncoincidence effect. the scalar products between the unit vectors along the OH bonds
The relation between a coupling constant and the relative are distributed over a wide range for non-hydrogen-bonded pairs
orientation of molecules involved in the coupling is shown in of molecules, as shown in Figure 2b. A similar result is obtained
Figure 2, parts a and c, for the OH stretching and the CO for non-hydrogen-bonded pairs with distances larger than 3.8
stretching, respectively, of the hydrogen-bonded pairs of A. The contribution of the non-hydrogen-bonded pairs to the
molecules, and parts b and d for those of the non-hydrogen-noncoincidence effect of the OH stretch is small because the
bonded pairs within 3.8 A (one molecule in the first solvation coupling constants are small.
shell of the other). The relative orientation of molecules is  The scalar products between the unit vectors along the CO
represented by the scalar product between the unit vectors alongonds are distributed over a wide range (frerh.0 to ca. 0.8)
the relevant (OH or CO) bond. The number of pairs of molecules even for hydrogen-bonded pairs of molecules as shown in Figure
is represented by a dot size, with a scale suitable for each part2c, since hydrogen-bonded molecules have various relative

of the figure as indicated in the caption. conformations around the ‘©H hydrogen bond because of
As shown in Figure 2a, the scalar products between the unit structural disorder in the liquid. The coupling constant of the
vectors along the OH bonds are mostly in the range 0f0.9 CO stretch is small when the scalar product is negative and is

for hydrogen-bonded pairs of molecules. This is because the0.005-0.008 mdyn A! amu! when the scalar product is in
OH bonds are arranged in a head-to-tail manner if they are the range of 0.30.8. Such a positive coupling constant gives
hydrogen bonded to each other. The coupling constants of therise to a negative noncoincidence effect of the CO stretching
OH stretch (given in eq 1) are distributed aroun@.1 mdyn band. In other words, the negative noncoincidence effect
A-Tamu?, giving rise to a large positive noncoincidence effect. observed for the CO stretching band indicates the existence of
The negative values of the coupling constants are consistentmany hydrogen-bonded pairs of molecules with a positive scalar
with the head-to-tail arrangement of the OH bonds. By contrast, product between the unit vectors along the CO bonds. For non-
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Figure 3. Pair correlation function of the OH bonds in neat liquid
methanol: (a) zeroth-order componegy(f)]; (b) first-order component
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integrated as given in eq 3p(r)].
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Figure 4. Pair correlation function of the CO bonds in neat liquid
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integrated as given in eq 3p(r)].

parts b and c¢ of Figure 3, indicating that the OH bonds of

products between the unit vectors along the CO bonds are mostlyydrogen-bonded molecules are parallel and arranged in a head-
negative and the coupling constants are distributed in the rangeto-tail manner. As shown in Figure 3d, a great partig{«) is

from —0.005 t0—0.004 mdyn A® amul, as shown in Figure
2d. These vibrational interactions partially cancel the negative
noncoincidence effect of the CO stretching band. A similar result
is obtained when the range of intermolecular distances to be
taken into account is extended to 4.5 A.
To examine the contribution of interacting molecules to the

noncoincidence effect as a function of intermolecular distance,
the pair distribution functiong(Rj; i, €;) of the OH and CO

explained by the integration of(r)/r to 3 A, and a value nearly
equal toHp(w) is reached by the integration to about 6 A. This
corresponds to the predominance of the vibrational interactions
of the hydrogen-bonded pairs of molecules in the generation of
the Raman noncoincidence of the OH stretch, which is shown
in the first and third rows of Table 1. By contrast, in the case
of the CO bonds, botha(r) andhp(r) are mostly negative in
ther < 4 A region, and are positive in the% A region, as

bonds are evaluated by expanding them to the second order inshown in parts b and c of Figure 4. As a resHil(r) overshoots

the fornt.9:36

IRy 2, ) = go(R;) + hp (R +
hD(Rij) [3(Rij9i)(Riij)/Rij2 - Qigj] 2

whereR; is the vector connecting the relevant (OH or CO)
bonds of molecules i and R; is the length of this vector, and

Q; and Q; are the unit vectors in the direction of the relevant
bonds of the two molecules. In the case where this second-
order expansion is a good approximationgfR;;; €2, €;), the
Raman noncoincidencé ¢aniso-iso) iS proportional taHp(e),”*?
where the functiorHp(r) is defined a%

;
Hp(r) = [, dR h(RIR 3

The above four functionsgf(r), ha(r), hp(r), and Hp(r))
calculated for the OH and CO bonds of liquid methanol are
shown in Figures 3 and 4. In the case of the OH bonds, both
ha(r) andhp(r) are positive in the < 3 A region as shown in

the value ofHp(») atr = 4 A, and a value nearly equal to
Hp(e) is reached at = 5 A. This corresponds to the partial
cancellation of the hydrogen-bonded and non-hydrogen-bonded
pairs of molecules in the generation of the Raman noncoinci-
dence of the CO stretch, which is shown in Table 1.

It should be noted that, for both the OH stretching and the
CO stretching bands, the noncoincidence effect is explained by
the liquid structures within ca. 6 A. This conclusion is consistent
with that obtained for the €0 stretching band of liquid acetone
and acetone/C@lsolutions in our previous studi€d?

B. Methanol—CI~ and Methanol—Li * SystemsThe IR and
Raman spectra in the OH stretching region calculated for the
first solvation shell around the ions in methanal~ and
methanot-Li* solutions by the MD/TDC method are shown in
Figure 5. In the Raman spectra calculated for both solutions
[parts b and d of Figure 5], the isotropic component is higher
in wavenumber than the anisotropic component. The calculated
wavenumbers (first moments) of the IR, isotropic Raman, and
anisotropic Raman components are shown in the first part of
Table 2. It is clearly seen that the Raman noncoincidence
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Figure 5. (a) IR and (b) Raman spectra in the OH stretching region
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CI~ solution, and (c) IR and (d) Raman spectra in the OH stretching
region calculated for the first solvation shell of thefLion in a
methanot-Li* solution. Calculated by the MD/TDC method.

TABLE 2: Calculated and Observed Wavenumbers (first
moments, cnT?) of the Infrared and Isotropic/Anisotropic
Raman Components of the OH Stretching Band of the
Methanol—LiCl Solution and the Methanol—CI~ and
Methanol—Li* Cluster Species

VIR Viso Vaniso  AViR—iso AVaniso-iso

Calculated (MD/TDC)

Cl~ in methanol 3348.7 3382.2 3340.5-33.5 —41.7
Li* in methanol 3347.8 3366.1 3350.8-18.3 —15.3
Calculated (MOY
Cl~ + 4 methanol 3340.0 3376.7 3340.736.7 —36.0
Cl~ + 5 methanol 3352.7 3387.0 3353.9-34.3 —33.1
Li* + 4 methanol 3397.3 3397.9 3397.2—0.6 -0.7
Observeél
methanot-LiCl solution 3385 3341 —44

2 Only the solvent molecules in the first solvation shell of the ion
are included in the calculationStructures are directly taken from
MD. Calculated at the HF/6-3H)G** level. Uniformly scaled by
0.815.¢ Reference 18. LiCl/methanol mole ratio of 0.18.

AVaniso-iso Of —44 cnT! observed for a methaneLiCl solu-
tion,’® shown in the third part of Table 2, is well reproduced
by the calculation for the first solvation shell around the CI
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Figure 6. Correlation between a coupling constant of OH stretching
vibrations and the relative orientation of the OH bonds of molecules
involved in the coupling (a) for pairs of molecules in the first solvation
shell of the Ct ion and (b) for pairs of molecules in the first solvation
shell of the Li" ion. The number of pairs is represented by a dot size.
The ratio of the number of pairs represented by the maximum dot size
in each figure is (a):(b¥ 4:3.

unit vectors along the OH bonds, and the number of pairs of
molecules is represented by a dot size.

As shown in Figure 6a, the scalar products between the unit
vectors along the OH bonds are distributed in the range from
—1.0 to 0.5 for the methanol molecules around the ©h,
and the coupling constants are significantly positive for some
pairs of molecules with scalar products larger theh5. This
result is rationalized by considering the liquid structures formed
around the Ct ion. As stated in section 2.B, four or five
methanol molecules are contained in the first solvation shell of
the CI ion. A typical configuration of methanol molecules
around the Ct ion (a case of four methanol molecules in the
first solvation shell) is shown in Figure 7a. The TDC constants
(given by eq 1) between the OH stretches of molecules in such
a tetrahedral arrangement are positive. The positive coupling
constants of vibrations give rise to negative valueAok-iso
and Avaniso-iso- It is considered that the broad distribution of
the scalar products and the coupling constants shown in Figure
6a arises from disorder in the liquid structures around the ClI
ion.

As shown in Figure 6b, for methanol molecules around the
Li* ion, the scalar products between the unit vectors along the

ion. This result suggests that the liquid structures formed aroundoH ponds are distributed in a wider range and the coupling

the CI ion and the vibrational interactions determined by the

constants are smaller. A typical configuration of methanol

TDC mechanism are mainly responsible for the observed Ramanmglecules around the tiion is shown in Figure 7b. Since the

noncoincidence effect. It is predicted from the results in Figure
5 and Table 2 that a negative tHRRaman noncoincidence (a
negative value oAAv|r—iso) is observed for the methanelLiCl
solution.

hydroxyl hydrogen atom of a methanol molecule does not
interact directly with the ion, the OH bonds of the methanol

molecules around the ion are not in a specific arrangement. As
a result, the OH bonds are distributed in a wide range and the

The relation between a coupling constant and the relative coupling constants of the OH stretches are small.

orientation of molecules involved in the coupling is shown in

To support the discussion described above, ab initio MO

Figure 6. In the same way as in Figure 2a, the relative orientation calculations of IR and Raman spectra are carried out for
of molecules is represented by the scalar product between themethanotCIl~ and methanetLi™ clusters. As described in
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The wavenumbers calculated for the methar@l clusters
at their minimum energy structures (in steps 2 and 3 as described
in section 2.C) are shown in Table 3. Three and five different
structures are obtained, respectively, for the clusters containing
four and five methanol molecules. One of these minimum energy
structures (structure Il of Cl+ 4 methanol at the HF/6-31-
(+)G** level) is depicted in Figure 7a. The configurations of
the methanol molecules and the potential energies of all the
minimum energy structures (in each category of Gt 4
methanol or Ct + 5 methanol) are similar to each other. Some
of these structures may not be real local minima but artifacts in
the calculations due to, for example, a limited size of the basis
set used. It should be noted, however, that similar vibrational
wavenumbers are calculated for all the minimum energy
structures irrespective of the slight structural differences. It is
also remarked that the clusters with the @n on the surface
are not treated, because the purpose of the present study is to
discuss the origin of the vibrational spectroscopic features
(a) (b) observed in _solution. _ _ _
As shown in Table 3, large negative values are obtained again
Figure 7. Typical configuration of methanol molecules around (a) the for Avir—iso @and Avaniso-iso, iNdicating that the configurations
CI~ ion and (b) the Lf ion. of methanol molecules around the"Gbn give rise to a negative
noncoincidence effect. The following two points are noteworthy.
section 2.C, in step 1 of the calculations, the methanol molecules(1) The values ofAvr—iso @and Avaniso-iso Calculated for the
in the first solvation shell of the ion and the ion itself are  minimum energy structures at the HF/6-3)G** level are
extracted from the MD simulations. Four OH stretching normal smaller in magnitude than those in Table 2, although the
modes are obtained for a cluster containing four methanol vibrational wavenumbers are calculated at the same theoretical
molecules, and five modes for that containing five methanol level. It may be said that disorder in the liquid structures is
molecules, as in the case of formamide clusters treated in ouralso important for the noncoincidence effect, as in the case of
previous study® Each mode has distinct intensities of the IR, the amide | band of liquid formamide treated in our previous
isotropic Raman, and anisotropic Raman components. Thestudy?® (2) The calculations at the MP2/6-31)G** level give
intensity of the isotropic Raman component is strong for a larger values ofAv|r_iso and Avaniso-iso than those at the HF/
normal mode in which all the OH bonds in a cluster stretch in 6-31(4-)G** level. This result indicates that the effect of electron
phase, and the intensities of the IR and anisotropic Ramancorrelation is also important for determining the magnitude of
components are strong for some of the other normal modes.the noncoincidence effect.
The weighted average of the wavenumbers is calculated for each For the methanetLi™ clusters at their minimum energy
of the three components. In the case of the metha@bt structures, very small values dvir-iso and Avanise-iso are
clusters, the averaging is separately carried out for the clustersobtained (not shown). This result indicates that the contribution
containing four methanol molecules and those containing five of the structures formed around the'libn to the noncoinci-
methanol molecules. The results are shown in the second partdence effect is small.
of Table 2. Itis clearly seen that large negative value§igt—iso C. Solvated Electron in Methanol.As an extension of the
andAvaniso-iso are obtained for the methareCl~ clusters, and analysis described above for the methat©©l~ clusters, the IR
the values for the methaneLi* clusters are smaller. These and Raman spectra in the OH stretching region are calculated
results support the conclusion that the liquid structures formed for the methanete™ clusters. The purpose of this study is to
around the Ci ion are mainly responsible for the large negative examine possible vibrational spectroscopic features of the liquid
Raman noncoincidence observed for a methahi| solution. structures formed around a solvated electron in solution.

TABLE 3: Calculated Relative Potential Energies (cnT!) and Wavenumbers (first moments, cm?) of the Infrared and
Isotropic/Anisotropic Raman Components of the OH Stretching Band of the MethanotCl~— Cluster Species at their Minimum
Energy Structures

species structure no. AE VIR Viso Vaniso AViR-iso AVaniso-iso

HF/6-31()G** level2

CI~ + 4 methanol | 8.0 3346.9 3362.2 3347.0 —-15.3 —15.2

1 0.0 3346.9 3362.5 3348.8 —15.6 —-13.7

11 14.5 3347.2 3362.7 3348.9 —-15.5 —-13.8

CI~ + 5 methanol | 4.0 3370.0 3387.6 3370.3 —-17.6 —-17.3

1 0.0 3369.6 3387.4 3370.3 —-17.8 -17.1

1 1.3 3370.3 3387.9 3370.6 —-17.6 —-17.3

\Y) 14.0 3370.4 3388.1 3371.1 -17.7 —-17.0

\Y 11.5 3370.3 3388.0 3371.2 -17.7 —16.8
MP2/6-31()G** levelP

CI~ + 4 methanol | 91.6 3350.2 3383.2 3351.4 —33.0 —31.8

I} 3.3 3350.1 3383.0 3357.2 —-32.9 —25.8

11 0.0 3350.1 3382.8 3357.0 —32.7 —25.8

2 Vibrational wavenumbers are uniformly scaled by 0.8Balculated by using an approximate vibrational force field. Vibrational wavenumbers
are uniformly scaled by 0.92. See text in section 2.C.
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TABLE 4: Calculated Relative Potential Energies (cnt?) interactions (the TDC mechanism), and the sign reversal of the
and Wavenumbers (first moments, cm*) of the Infrared and Raman noncoincidence of the OH stretching band occurring
'Sst?gt%ﬂi%/g‘gzcr’féo(ﬂ'%hzagin 40&2%%%%?8825258%2 cies at upon solvation of LiCl in methan#l arises from the significant

its Minimum Energy Structures difference between the liquid structures of neat liquid methanol

and those formed around the Gbn. As an extension of the
study on the methanelCl~ system, a possible vibrational
HF/6-31¢++)G** level* spectroscopic feature of liquid structures formed around a

structure no. AE VIR Viso Vaniso  AVir-iso  AVaniso-iso

! 00 34171 3422.3 3417.2 —52 51 solvated electron has been discussed. It is expected that

I 41.4 3416.0 3422.1 3416.6 —6.1 —5.4 ) ! o .
MP2/6-316-+)G* leveld information on the Il_qwd structures formed around so_Ivated ions

| 00 34282 34421 34281 -13.9 —14.0 and molecules, which are important for understanding the role

I 82 34281 34420 34279 —13.9 —14.1 of solvents in various liquid-phase chemical reactions, will be

obtained by analyzing vibrational bands of solvents and the
aVibrational wavenumbers are uniformly scaled by 083alculated corresponding bands of neat liquids.

by using an approximate vibrational force field. Vibrational wavenum-

bers are uniformly scaled by 0.92. See text in section 2.C. References and Notes
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