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Prediction of Solvent Effects on Vibrational Absorption Intensities and Raman Activities in
Solution within the Polarizable Continuum Model: A Study on Push—Pull Molecules

1. Introduction

Stefano Corni,” Chiara Cappelli,** Mirella Del Zoppo,$ and Jacopo Tomasi

INFM Center for nanoStructure and bioSystems at Surfac®s [partimento di Fisica,

Universitadi Modena e Reggio Emiliajia Campi 213/A, 1-41100 Modena, ltaly,

Dipartimento di Chimica e Chimica Industriale, Umrsitadi Pisa, via Risorgimento 35, |1-56126 Pisa, Italy,
and Dipartimento di Chimica Materiali e Ingegneria Chimica, Politecnico di Milano,

Piazza Leonardo Da Vinci 32, 1-20133 Milano, Italy

Receied: April 10, 2003; In Final Form: September 15, 2003

We present a comparison between experimental and calculated vibrational infrared and Raman spectra
(harmonic frequencies, absorption intensities, and scattering activities) for twe puisimolecules, [(E,4E)-
5-(dimethylamino)penta-2,4-dienylidene]malononitrile and E={F)-5-(diethylamino)penta-2,4-dienylidene]-
1,3-diethylpyrimidine-2,4,6(,3H,5H)-trione, widely studied for their nonlinear optical properties, in several
solvents. The polarizable continuum model (PCM) has been used to describe the solvents, and the molecules
have been treated at the density functional theory (DFT) level. Local field effects on IR intensities and Raman
activities are included in the calculations. Solvent effects on absorption and scattering intensities are predicted
fairly well. A number of reasons for discrepancies between calculated and experimental results are discussed.
The variation of the bond length alternation (BLA) of the studied molecules as a function of the solvent is
also discussed.

Some of the authors of the present article have recently

Push-pull molecules are characterized by the presence of Proposed methodologies for the theoretical treatment of solvent
three main elements: an electron-donor group (push), an €ffects oninfrared absorption intensiti@sand Raman scattering

electron-acceptor group (pull), and a polarizahleslectron

activitie$—8 within the framework of the polarizable continuum

group which connects the push and the pull parts of the Model (PCM)2In this model the solute molecule is treated
molecule. Such molecules have been widely studied for their quantum-mechanically (for example at the Hartréeck, HF,
possible applications in the field of nonlinear optics and electro- Or at the density functional theory, DFT, level) and the solvent

optics®? In fact, by varying the electron-donor or -acceptor

is modeled as a homogeneous and infinite continuum dielectric

capability of the push and pull groups, sizable variations in the Nosting a cavity where the solute is embedded.
hyperpolarizability of the molecule (and, consequently, in the ~ The interest in studying pustpull molecules with such
nonlinear susceptibility) are expected and indeed observed. methodologies and to compare the results with experimental
For the fine-tuning and optimization of nonlinear optical findings is at least twofold: on one hand, the comparison in
properties, the strategy of modifying the chemical nature of the the case of quite complex molecules can help in validating the
push-pull groups is not convenient, because “quantized” theoretical model, pointing out its qualities but also its limits;
variations in the properties are obtained. Because of their polaron the other hand, a theoretical study can deliver information
nature, pushpull molecules are extremely sensitive to the which cannot be obtained from the experiment. For example, it
environment. This sensitivity can be exploited for the tuning is possible to analyze in more detail changes in solute properties
of their nonlinear optical properties simply by varying the induced by the solvent, elucidating which, among the various
solvent in which they are immersed. solvent effects (such as induced changes in the solute equilib-
Due to the technological interest in pusbull molecules, rium geometry, in the polarity of the solute, or in the local field
several experimental and theoretical studies have been performedcting on it), determines the variations in the properties.
on them. In particular, in this paper we will focus on the study =~ Among the large variety of molecules studied in ref 3,
of vibrational infrared (IR) and Raman spectra of a couple of we have chosen to work with the two depicted in Figure 1,
representative cases. As we have previously remarked, optical[(2E,4E)-5-(dimethylamino)penta-2,4-dienylidene]malononi-
properties of pushpull molecules are strongly sensitive to the trile and 5-[(ZE,4E)-5-(diethylamino)penta-2,4-dienylidene]-1,3-
environment: thus, a large solvent dependency of vibrational diethylpyrimidine-2,4,6(H,3H,5H)-trione, from now on called
spectroscopic properties is expected, which, indeed, has beerM1 and M2. The choice has been made by tuning the size of
pointed out by experimental evidences collected in refs 3. the molecules and the possibility of performing computations
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at a reasonable level of accuracy. In addition, M1 and M2 show
a particularly strong dependency of vibrational absorption and
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strong dependency makes these two molecules good candidates
to test the quality of the theory presented in refs64
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Figure 1. Chemical structures of the two molecules considered in the
present work: (a) M1; (b) M2,
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(Theory) we shall give a brief summary of the methodologies
discussed in refs 46. Then, in the Experimental Section a
description of the techniques used to collect the experimental
data will be given. Finally, in the Results and Discussion section,
we shall compare experimental and calculated IR absorption
intensities and Raman activities for the two molecules. In that
section we shall also discuss, in the light of the calculated results
the solvent induced effects on these molecules.

2. Theory

Expressions for both vibrational absorption intensities and
vibrational Raman scattering activities can be derived in the
framework of the semiclassical theory of light/matter interaction
by resorting to time dependent perturbation thedrhe most
important term in the perturbation expressing the interaction
between the molecule and the radiation is the dipolar one. For
molecules in the gas phase, such a term is simplyE, where
u is the molecular dipole moment arklis the electric field
associated with the radiation, measured at the position of the
molecule.

In the case of a molecule in solution and assuming that the
solvent is described as a continuum dielectric, the leading term
in the interaction among the molecule and the electromagnetic
field is to be expressed as(zi + ji)-EM,4 whereZi + ji is the
so-calledexternal dipole momerintroduced by Onsagkrand
EM is the macroscopic electric field associated with the radiation
in the solvent medium. The external dipole moment is the sum
of the dipole moment of the moleculg)(and the dipole moment
induced by the molecule in the solverit)(

In the framework of PCMﬁ (or, better, its matrix elements)
can be calculated by solving an integral equation defined on
the boundary of the cavity hosting the soléit8uch an integral

equation becomes a matrix equation once the cavity boundary

is discretized and then the matrix equation is solved with
standard techniques.

The application of perturbation theory to molecules in solution
yields expressions for vibrational absorption intensities and
Raman scattering activities very similar to those for isolated
molecules, but involvingi. In the double (electric and me-
chanical) harmonic approximation, the integrated absorption
coefficient A% for thei-th vibrational mode reads

7N, 3 +i)

0Q,

Asol — | |2 (1)

3n,,c°

whereN, is Avogadro’s numbems, is the refractive index of
the pure solvent at the frequency of the vibrational transition,
andc is the light velocity.Q; is the (mass-weighted) normal
coordinate associated with tlh vibrational mode.

Corni et al.

The exact expression for the Raman scattering intensity
depends on the directions of the incident light beam and of the
light scattering collection. By assuming that (1) the incident
light is polarized perpendicularly to the scattering plane, (2)
the scattered light is collected perpendicularly to the direction
of incidence, and (3) only the component of the scattered light
that is polarized as the incident field is measured, the radiant
intensity of thei-th Stokes band for a molecule in solutid§f’,
is

4 2 2
|SR°':h_k|OM )
2w); 45
where
*x\2
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The double harmonic and the Placzek approximations have
been assumet:1*In eq 2,w; is the angular frequency of the
vibrational mode under study a@lis the corresponding normal
coordinate. The quantitiea’? and y'2 are invariants of the
derived-polarizability tensoda*/ 0Q;. The elements ofi*, the
effective polarizability for the molecule is solution, can be
written a$

(0], + it |RUR| g + i OO

d:s(_w'!w') = +
A(wge — ')
[Olus + fig ROR|u, + fi,| O]
(5)
A(wge+ ')

where theR index runs over the electronic excited states of the
molecule in solutiongge are the electronic excitation energies,
andw' is the frequency of the incident radiation.

In the present article, we shall calculateby using the time
dependent density functional theory (TDDFT) and we shall
obtain the derivative9a*/dQ; by numerically differentiating
o*(—w',w") with respect to a displacement along the normal
coordinateQ;. Note that recently an analytical method for the
evaluation of these derivatives at the time dependent Hartree
Fock level has been propos#d.

A quantity which is used to estimate the intrinsic capability
of a molecule to scatter light, besides the trivklfactor, is
IR|, defined for thei-th band a¥

R =R 2 _ 450 4y (6)
i ly AK* 45

This is the quantity which will be calculated for the two
molecules under study and which will be compared with
experimental measures.

The first equality in eq 6 could be directly exploited to obtain
the experimental value dRj| because all the quantities in the
right-hand term can be measured. However, the absolute
measurement of radiation intensities is a quite delicate task, and
it would be extremely ineffective to perform such a difficult
measure for several solutes in several solvents. The estimation
of intensity ratios between bands belonging to the same spectrum
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TABLE 1: Radii of the Spheres Used to Build the Molecular intensities is a quite useful feature of our implementation, which
Cavity for PCM Calculations permits us to improve the overall cost/accuracy ratio by choosing
atom radius (A) separately the basis set proper for the two quantities.
CHs 240 As the_large size _of the molecule M2 implies very large
CH 2.08 computational costs, in the case of Raman calculations we have
(0] 1.86 simplified it by replacing all the ethyl groups (two on the
N 2.04 terminal amino group and two on the ring nitrogen atoms) by

methyl groups. We remark that for IR calculations the actual
is much easier. Thus, if a band of the solvent is chosen asm2 molecule has been considered. All the Raman activity
reference and its absolute intensity is evaluated once, then solutgalculations have been done by assuming an incident light
absolute intensities can easily be extracted from relative wavelength of 1064 nm (the same as in the experiment).
intensities with respect to that band. Basically, this is the
procedure used to obtain experimental data discussed later ir3. Experimental Section
this paper (see ref 16 for details). We remark, however, that
our calculatedR| values (obtained through the second equality
of eq 6) already take into account solvent effects, and tlRjs,
in the present paper is equal to that defined in ref 16 times the
semiclassical local field correctidc? defined there.

For both Raman scattering and infrared absorption calcula-
tions, we shall assume a nonequilibrium model for the dielectric
response of the solvent. Such a model, which is presented in
ref 5 for infrared absorption and in ref 7 for Raman scattering,
is based on the idea that the solvent cannot instantaneousl
readjust to the oscillations in time of the solute charge density.
These oscillations can be due either to solvent vibrations
(mattering for both infrared and Raman) or to the polarization
induced in the solute by the incident electromagnetic field
(mattering only for Raman). In the present study we shall use
the models presented in refs 5 and 7 to take into account such 1 |

P 0
a nonequilibrium response. A= —f_ o banad? In(—) (7)

2.1. Computational Details.All the calculations have been Cl/i-th ban I
done with the density functional theory by using the hybrid
functional B3LYP as implemented in Gaussiarand the
6-31+G* basis set, with the exception O.f frequencies ?nd nlormal of a few milligrams per milliliter or less and cell thicknesdes
modes for M2, that were calculated with the 6-31G* basis set. of the order of 0.1 mm were used.

These basis sets guarantee a reasonable compromise between.l.he measure of the absolute Raman cross sections is more

the PCM, in the integral equat}on formalism (IEF) formulatfén condltlong: most. of th? problems can be overcome with thg
hich is,able to model solvent effects on various molecuylar use of an internal intensity standard whose absolute cross section
whien o1 g, . is accurately known. Kato et &.have measured the absolute
properties: Thg mplecular she}ped cavity in which the molecule Raman intensities of several organic solvents by direct com-
is hosted is built in terms of interlocking §pheres centered on parison with the blackbody emission at known temperature.
each atom except hydrogens. The radii of the spheres are To obtain experimental absolute Raman intensities, we must
reported in Table 1. measure the ternR |2 appearing in eq 6, which is given by a

T;e gek? metryl/ (.th. thir:nolemfltis hlas :)eelnt.optlrrgliedt In gach proper combination of the invariants of the Raman tensor relative
medium by exploiing the anaytical caicuiation o WS-OrAer  , the ity Raman transition. The expression in eq 6 refers to

er}ergy dzrglgtlr:/ es t()see ref 2 d2)t. Th? mletholslology _des_ct:)rlb?d Ianaman experiments carried out with incident and scattered light
refs 5 an as been used to calculate harmonic vibrational, .., mutually parallel electric vectors.

frequencies in soluthn. No scalllng. factqrs have been applied Let & be the experimental area of tih Raman band of
to calculated harmonic frequencies; that is, they are reported as

obtained from the Gaussian output. Ehe mO|6Cl;I,|e under study at frequeneyanda; bg that of thg
The solvents considered for M1 are benzene, chloroform, reference” band of the solvent at’. We can define the ratio
dichloromethane, acetonitrile, and methanol; those considered™
for M2 are tetrachloromethane, chloroform, dichloromethane,
acetonitrile, and nitromethane.
For the calculations of Raman activities, we have considered
only the bands for which the experiment® was measured.
We have thus developed a procedure to compute the Ramarwherec'/c® is the molar ratio between the reference molecule
intensity from the effective Raman electronic polarizabiliy)( (solvent) and the sample. Comparing the above expression and
which works band by band. This permits a remarkable saving eq 6, it is apparent thaR;|? of the molecule can be determined
of computational time when only a small portion of the spectrum from the knowledge of;, |R|? of the reference band of the
or some selected bands are of interest. In addition, for M2 we solvent, the vibrational frequencies of tith band of the sample
could calculate normal modes with the 6-31G* basis set and and of the reference band, and the ratio ofkliactors of eq 6.
Raman intensities with the 6-31G* one. The possibility of In our measurements we generally used sample concentrations
using two different basis sets for frequencies and Raman ~ 1075 mol cn3.

The infrared and Raman absolute intensities of the molecules
considered in this work (M1 and M2), dissolved in all the
solvents for which calculations have been carried out, have been
experimentally measured.

Infrared measurements were made with a FT-IR interferom-
eter Nicolet 7000 equipped with a MCT detector in the spectral
range 4006-400 cnTl. Raman measurements were made with
a FT-Raman interferometer Nicolet 910 with an Nd:YAG laser

exc= 1064 nm) and a near-IR germanium detector. All spectra
were corrected for the wavelength dependence of the detection
efficiency using a standard lamp.

The determination of the absolute infrared intensity of the
i-th band of a sample in solution is simply obtained from the
integrated absorbance according to the following equation:

where lp and | are the incident and the transmitted light
intensities, respectively. Solution concentratiorns the order

S r

X = |f/|f=i5/ﬂr (8)
ccC
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The choice of using an exciting line in the IR has been made
in order to avoid resonance or preresonance effects. This means
that since the reference valug®?2 were obtained with laser
excitation in the visible range, values relativeig. = 1064
nm have been extrapolated. This has been done using the
relationship proposed by Kato, assuming that only one excited
electronic state is relevant in the Raman process.

In our experiments, in order to have intensity data for the
largest choice of common organic solvents, we had to also use
solvents for which absolute cross sections were not available.
In these cases reference valuegRf? of other solvents have
been obtained by making a binary solution of ¢@hd the
unknown solvent, which in this case plays the role of the sample
molecule. The reliability of this technique was tested on a
mixture of CCl and benzene. The values thus obtained for
benzene are very close to those reported in ref 24.

€ (km/mol cm'1)

4, Results and Discussion

In this section we will show a comparison of calculated and
experimental IR absorption intensities and Raman scattering
coefficients for M1 and M2 in various solvents. We will consider
IR intensities and Raman activities separately for each molecule.
Both a qualitative (spectrum appearance) and a quantitative
(absolute intensities) comparison between calculated and ex-
perimental results will be performed. The frequency values
reported in the text refer to experiments, unless differently stated.

4.1. Vibrational Infrared Absorption. 4.1.1. M1.In Figure
2a and b we report a picture of calculated infrared spectra of
M1 in benzene and acetonitrile obtained by considering Lorent-
zian band shapes and a bandwidth parameter of 10!'cm
common to all bands. In Figure 2c and d, the corresponding
experimental spectra are reported. The qualitative agreement

Corni et al.
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in benzene is good, both in terms of frequencies (which, as usual,Figure 2. Calculated and experimental IR spectra of M1 in benzene

are overestimated by harmonic DFT calculatiéhahd in terms

(a, c) and acetonitrile (b, d). All the calculated spectra are obtained by

of relative intensities. The presence of two bands [labeled (1)] considering Lorentzian-shaped bands with a bandwidth of 1¢.cm

in the CN stretching regionr{2200 cnt?) for the calculated

TABLE 2: IR Vibrational Frequencies Measured for

spectrum depends on a slight overestimation of the splitting Selected Bands of M1 in Benzene and in Acetonitrife

between the symmetric and the antisymmetric stretches of the

two nitriles. The shape of the experimental band suggests the benzene acetonitrile exp shift calc shift
presence of two almost coincident peaks as well. We also remark igég igg; _85 _13

on the good agreement between calculated and experimental 5=+ 1574 _3 _3
spectra in the regions from 1500 to 1700 ¢ywhere the most 1530 1529 -1 5
intense peaks are present [(2) and (3)], and from 1150 to 1500 1433 1434 1 0
cm! (compare Figure 2a and c). The shape of the experimental 1367 1367 0 -1
pattern of the latter is well reproduced by the calculation [peak 1294 1290 —4 -2

(4) is hidden by peak (5)]. The intensities of peaks around 800 ﬁgi ﬁgj _53 1;
cm! are strongly underestimated by the calculations: anhar- 1105 1113 8 9

monicity is probably relevant in this region.
Moving to the spectrum in acetonitrile (Figure 2b and d), be

2d) is the decrease in the relative intensity of band (2), which

a“Shift” is the difference between values in acetonitrile and in

nzene, experimental (exp) or calculated (calc). Values are given in

the most evident change in the experimental spectrum (Figure -1

is not predicted by the calculation. In addition, peaks (5) and refer to spectra recorded in benzene and acetonitrile, which are
(6) increase their overlap. Such a trend is overestimated by therepresentative of nonpolar and polar solvation environments,
calculated spectrum (Figure 2b), where the two peaks overlaprespectively.

almost completely. This overlapping is the origin of the strong

As can be seen, frequency shifts moving from one solvent to

band at 1230 cmt present in the calculated spectrum, given another are quite small (maximum shift: 8 tH Such

by (4) + (5) + (6); this is the main difference with the
experimental spectrum.

differences are comparable to errors ascribed to the computa-
tional level we are using, and thus, a comparison of calculated

From the experimental spectra of M1 in the various solvents, and experimental solvent effects for vibrational frequencies is

several vibrational frequencies and infrared absorption coef- not completely meaningful. Anyway, we have reported in Table

ficients were extracted. This allows an extensive comparison 2 the computed frequency shifts passing from benzene to
of experimental and calculated data. The frequency values of acetonitrile. We just note that the sign and the relative magnitude
the bands which will be considered to perform such a com- of the shift are usually well reproduced, with the exception of

parison are grouped in Table 2. Notice that such frequenciesthe band at 1203 cm.
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Figure 3. Comparison between calculated (calc) and experimental Figure 4. Comparison between calculated (calc) and experimental

(exp) IR absorption intensities for different bands of M1 in different (€xP) IR absorption intensities for different bands of M1 in different
solvents. Values are in km nmdl solvents. Calculated results are scaled as explained in the text. Values

are in km mot?,

TABLE 3: Integration Range for IR Intensities of the

Various Bands of M12 The differences between experiment and theory may depend,

among the other causes, on both the solvation model and the

band (cm®)  range (cm?)  band (cm)  range (cm") intrinsic level of accuracy of a B3LYP/6-3G* calculation
2207 2226-2183 1434 14391426 within the double harmonic approximation. In this paper we
1635 1656-1619 1367 1384-1348 are particularly interested in the effectiveness of the solvation
12;; iggziggg ﬁgg ggﬁﬁgg model, and thus, we have tried to approximately decouple these
two causes. To do that, we have assumed that for a given band
2The values refer to the infrared spectrum in acetonitfidalues the effect of the solvent is to multiply the infrared intensity of
for methanol. the molecule in the gas phase by a proper solvent dependent

Moving to vibrational absorption coefficients, we note that constant. In our opinion such an assumption is reasonable: in
they are by far more sensitive to the solvent than vibrational fact, theories for rationalizing solvent effects on infrared
frequencies (variations of a factor of 2 are measured for both intensities, which have been developed within the Onsager
M1 and M2). These variations are larger than the experimental theory?® model the solvent effect in terms of a factor dependent
error, that we estimate is arousgb—10%. Thus, in this case  0on the dielectric constant which multiplies the intensity of the
the comparison between theory and experiments should beisolated moleculé’ By making such an assumption, the effect
meaningful and adequate to evaluate the capability of the Of the level of calculation is all charged on a hypothetical
methodologies developed in refs 4 and 5 of reproducing intensity in the gas phase from which intensities in solution are
experimental solvent effects. We remark that in some cases itderived. If we further assume that such an intensity times
was not possible to integrate separately overlapping peaks and¢he correct one, then all the intensities relative to a given band
that, although we shall refer tobmndand to the corresponding ~ Would bea times those reported in Figure 3.
frequency, we may actually mean a group of overlapping bands. One possibility to findo. would be to choose a solvent as a

In Table 3 we report the integration range for each band, reference and to obtaia for a given band as the ratia[S
labeled by the frequency of the most prominent peak in the A@‘;ﬁc for that band. However, we have no reason to privilege
spectrum in acetonitrile. For other solvents the range changesone solvent over the others, and we prefer to fit the data, band
a little, but the vibrational modes included in a given range are by band, with a straight line crossing the origin (i.8ecac =
the same. (1/0)Aexp) and to scale the calculated data with thevalue

To make the comparison between experiments and calcula-obtained in such a way (note that each band has its specific
tions meaningful, we will report calculated data as the sum of value ofa). Notice that other scaling procedures, for example,
the coefficients of all the vibrational modes included in the the use of “solvent specific” scale factors, could, in principle,
integration range. Due to the strong resemblance betweenbe used (see ref 28 for an example in the case of vibrational
experimental and calculated spectra, the choice of such modedrequencies). The result of the scaling procedure is depicted in
has been done unambiguously. Figure 4.

We have experimentally examined eight bands for each of The correlation between experiment and theory is improved
the five solvents, for a total of 40 absorption coefficients. by the applied scaling. In particular, we would like to comment
Actually, the number of experimental absorption coefficients on the band at 2207 cmh, which can be easily assigned to the
is somewhat smaller, 35, due to the fact that it was not possible nitrile stretches. We remark that the calculated result is obtained
to accurately measure the coefficients of some bands in someby summing the intensities of the two peaks (1) present in the
solvents. A synthetic way of expressing data and performing calculated spectra (see Figure 2). These bands (that in the
the experimentcomputation comparison is to group them in a experimental spectra appear as a single peak) are quite isolated
single correlation graph, using the same symbol for results from the others in the spectra, and thus, the sum of their
connected to the same band. Such a graph is reported in Figuréntensities should be well reproduced by the calculation, because
3. effects difficult to predict such as borrowing of intensity from

As can be seen, our calculations usually overestimate theother normal modes should not play an important role. In
experimental infrared intensity, in some cases even by6b%%s. addition, the nitrile group is polar and conjugated with the rest
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of the molecule, and thus, an appreciable sensitivity of its ™) T T
properties on the solvent is expected. Indeed, we found that
experimental and computed results for such a band are in good  1gg | DRty ]
agreement. The comparison is fairly good also for other bands ®)

with a large solvent dependency, such as the ones at 1198 and 0 @

1529 cn, % @

The predicted solvent effect on the band at 1574 ¢is
wrong, even qualitatively, showing a decrease in the intensity 0 3
whereas an increase is experimentally observed. However, the b
intensity of this band is only moderately affected by the solvent, 100 [ ©7) -
and for this reason, both errors on experimental values and @
o ) . : (1)+@2) (5)
limitations in the solvation model (such as the assumption of
infinite dilution and the disregard of solutsolvent nonelec-
trostatic interactions) can play a decisive role. We also remark
that in the case of the band at 1574 ¢rthe agreement between
experiments and calculations is the worst in the series even
before the scaling. One possible source of error in this case is
the closeness of this band with the most intense one (1529
cm™b): even a small error in the calculation of normal modes
can transfer intensity from one band to the other. The less intense
band is relatively more affected by this mixing. Finally, we note,
as a general impression, a tendency of the calculation to 0
overestimate the absolute value of infrared intensities and to d

[$)]
o
T
1

[=}

€ (km/mol cm'1)

-

[=}

o
T

underestimate solvent effects. 100 | @ ©) -

4.1.2. M2.The relative spatial arrangement of ethyl groups
can originate different conformers of M2 having, possibly,
similar energies. Thus, the overall spectrum may be thought of
as the superposition of those of the various conformers, each
weighted by the corresponding Boltzmann population. To check 0 i ] I
if this issue is relevant in the present case, energies and IR 1800 1600 1400 1200 1000
spectra of M2 in vacuo, in Cgland in acetonitrile have been v (em™)
calculated by considering two conformations of the ethyl groups Figure 5. Calculated and experimental IR spectra of M2 in tetrachlo-
bonded to the ring nitrogen atoms and two conformations of romethane (a, c) and acetonitrile (b, d). All the calculated spectra are
the ethyl branches. We found that a variation in the conformation obtalneld by considering Lorentzian-shaped bands with a bandwidth of
of ethyl groups bonded to the ring causes almost no variation

in both energies and IR spectra. Differe_nt conformations of_the merging of peaks (6) and (7). By looking at calculated results
ethyl groups of the amino group give different ENergies in more detail, we actually found that the position of the two
(approximately 2 kcal mof- in all the considered media) and  heaks is even inverted with respect to the experiment; that is,
somewhat different IR spectra. Howe\_/er, this energy gap ensure§pe peak with the largest intensity, (6), has the lowest frequency,
that, at room temperature, the experimental spectrum is almost, ot the highest. Their total height seems to be too large in
exclusively due to the most stable conformer. Thus, we have comparison with the experiment. However, we note that in the
performed the other calculations for the conformer having the experimental spectrum peak (6) is broader than other peaks,
lowest energy. and thus, the comparison of heights does not actually correspond
Among the solvents investigated herein, tetracholoromethaneto a comparison of intensities (which are proportional to areas).
and acetonitrile are at opposite sides of the solvent polarity scale. Moving from the experimental spectrum in GCFigure 5c)
Thus, we have chosen to perform the comparison of calculatedto that in acetonitrile (Figure 5d), different changes in the overall
(Figure 5a and b) and experimental (Figure 5¢ and d) spectraappearance can be noted. In particular, we remark that (a) the
of M2 in these two solvents. The calculated spectrum in4sCCl relative intensity of peak (3) (1508 cr¥) decreases with respect
compares quite well with the experimental one. For peak (1) to the others [for example, the experimental intensity ratio (3)/
(at 1652 cm?), the experiment shows one peak and the (4)is 2.6 in CC} and 0.99 in acetonitrile]; (b) bands (1) and
calculation shows a double peak. However, the experimental (2) merge in a single peak; and (c) the relative intensity of the
peak is quite broad and can reasonably be composed of twosmall peak at 1155 cm [labeled (7)] increases. In the case of
overlapping peaks. Peak (3) appears to be the most intense onealculated spectra (Figure 5a and b), there is a decrease in the
both in the calculated (Figure 5a) and in the experimental (Figure relative intensity of peak (3), but such a decrease is smaller
5c) spectra. In the calculation, peak (4) is accompanied by athan that in the experiment [e.g., the intensity ratio (3)/(4) is
strong second peak, (5), which is much less intense in the 3.9 in CCl and 2.3 in acetonitrile]. Peaks (6) and (7) appear
experiment. As these two peaks are very close in frequency (19again as a single peak, as in GCHowever, their relative
cm~tin the experiment and 12 crhin the calculation), it is intensities change in changing the solvent: the calculated ratio
possible that a relatively small inaccuracy in the normal mode between peak (6) and peak (7) intensities is 6.0 in,G@d
calculations has caused a redistribution of intensity between peakl.3 in acetonitrile: this well reproduces the experimental trend.
(4) and peak (5). This would also explain why peak (4) seems Also, the changes in peaks (1) and (2) are well reproduced by
to have a smaller relative intensity in the calculation than in the calculation.
the experiment. The relatively small inaccuracy in frequency  As for M1, the changes in experimental vibrational frequen-
and normal mode calculations can also be responsible of thecies in passing from nonpolar to polar solvent are small and,

(1+(2)
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TABLE 4: IR Vibrational Frequencies Measured for
Selected Bands of M2 in Tetrachloromethane and in

Acetonitrile?

solvent effects are underestimated. The same procedure used
above for M1 to decouple the quality of the results from the
level of calculation gives the findings depicted in Figure 7. The

CCly acetonitrile exp shift calc shift ; )

scattering of the values is reduced, but the agreement between
igég 1675(2)(7) :;g :ié calculated and experimental solvent effects A% is still
1625 1627 2 > unsatisfactory. Various reasons can be responsible for this
1573 1572 -1 -3 behavior:
1508 1505 -3 2 1. Due to the relatively high concentrations used in the
1396 1399 3 2 experiments (16 mol cm3), we cannot rule out some form
ﬁgg ﬁgi :g i of aggregation between solute molecules in the solution. If this
1155 1155 0 -2 is the case, one of the main assumptions of our model (infinitely

diluted solutions) breaks down. This aggregation, if present,
would surely be strongly solvent dependent, and thus, its effects
on infrared absorption would probably hide electrostatic effects
taken into account by our theory.

2. The procedure that should decouple the level of accuracy
of the QM calculation and the solvation model effect is only

a“Shift” is the difference between values in acetonitrile and in
tetrachloromethane, experimental (exp) or calculated (calc). Values are
given in cnt?,

TABLE 5: Integration Range for IR Intensities of the
Various Bands of M22

band (cntl) range (cnm?) band (cn?) range (cnm?) approximated, and thus, it is possible that the discrepancies arise
1713 1727-1702 1396 14131391 from the inability of DFT to treat th_|s particular system.
1652 1659-161% 1284 13141271 Although our methodology for taking into account solvation
1573 1595-1564 1186 12311135 effects on IR intensities can be, in principle, extended to other
1508 1547-1486 1077 10931063 levels of calculation (such as, for example, IMp—Plesset (MP)

2 The values refer to the infrared spectrum in tetrachloromethane. Perturbation theory, multiconfigurational self-consistent field,
bValues for dichloromethane. or configuration interaction), the actual implementation is limited

to HF and DFT. Thus, we could not check the effect of other
again, a comparison between experimental and calculatedlevels of calculation on our results. In addition, due to the high
frequency shifts is not completely meaningful. However, for computational cost required by this system, an extensive
the sake of completeness, we report in Table 4 experimentalinvestigation of other functionals besides B3LYP and other basis
frequencies of M2 in tetrachloromethane and acetonitrile, sets was not possible. We have performed some tests with the
together with calculated shifts. For the bands more sensitive to larger 6-31-G* basis set, but calculated results do not signifi-
the solvent, calculated shifts are in good agreement with catively improve.
experiments. Some tests performed with a larger basis set (6- 3. Our model accounts only for electrostatic interactions
31+G* instead of 6-31G*) show no significative changes in between solute and solvent. Dispersion and repulsion are not
the solvent-induced frequency shifts, although absolute valuesconsidered, as well as other kinds of specific interactions.
can change up to 40 crh(for the bands at highest frequencies). 4. All the calculations are based on the double (mechanical
Similarly to M1, in the quantitative comparison between and electrical) harmonic approximation. Although this assump-
calculated and experimental IR absorption coefficients we shall tion can have consequences, for example, by mixing normal
possibly call “bands” also ensembles of overlapping peaks. Themodes (mechanical anharmonicity) with similar frequencies and
integration ranges and the label of each band are reported inredistributing their intensity, it is unlikely that a behavior
Table 5. common to almost all bands (underestimation of solvent effects)
The correlation between calculated and experimental vibra- depends on anharmonicity only, which would instead act
tional coefficients is illustrated by Figure 6. As can be seen, differently on different bands.
the agreement is not very good. In particular, as already noted 4.2. Raman Scattering Activity.4.2.1. M1.As said above
for M1, absolute infrared intensities are overestimated and in the Computational Details section, we have focused the
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TABLE 6: Integration Ranges for the Raman Scattering
40 I 0 Activities of the Various Bands of M12
2 band (cn?) range (cm?) band (cnT?) range (crmt)
2207 2223-2192 1434 1480424
N 1635 1653-1626 1367 1389-1357
oF 1574 1598-1562 1290 13041280
d 1529 1561+1515 1198 123%1170
L ®) i
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A the simulated spectrum in GBI, we predict again a too large
v(cm™)

£ & Calculated and el R va of ML i relative intensity for peak (2).
igure 8. Calculated and experimental Raman spectra o in . o
dichloromethane (a, c) and methanol (b, d). All the calculated spectra Absolute Raman intensities are usually affected by a larger

are obtained by considering Lorentzian-shaped bands with a bandwidth®XPerimental error than that for vibrational absorption coef-
of 10 cnT™. ficients. However, such errors (320% in the present case)

are smaller than solvent induced effects and thus the comparison
analysis only on some selected bands of the Raman spectrumbetween experiments and calculations can be meaningful.
From a computational point of view, this means that we have = Raman scattering activities will be expressed throuigh
performed numerical derivatives @f* only for the normal defined in eq 6. Each experimental value groups together
coordinates assigned to the bands experimentally investigatedcontributions of different vibrational modes, as for IR. In
(the assignment has been based on the IR spectrum). Obviouslyparticular, we have taken care of showing calculated results
such a choice, which is computationally very convenient, makes which group together the same modes as experimental values;
the comparison between experimental and calculated spectraonly in this way, in fact, are experimental and calculated data
incomplete. However, for the sake of completeness, we reportcomparable. In Table 6 we report the integration ranges for each
in Figure 8 simulated (10 normal modes) and experimental band, labeled as for IR.
Raman spectra of M1 in dichloromethane and in methanol. Such  The correlation between calculated and experimentally de-
solvents were chosen, as they have different polarity and theirtermined|R| values is shown in Figure 9. First, we note that
Raman spectra overlap only slightly with that of M1. The band calculated results underestimate the values|Rif by ap-
shapes of the calculated spectrum have been assumed Lorentziaproximately 50%. In addition, the scattering of data is higher
with a bandwidth of 10 cmt. First, we note that the calculated in this case than that for vibrational absorption coefficients.
spectra are less intense than the experimental ones. We shalNoticeably, one of the bands with the smallest calculation
come back to this point in the next paragraph, where we shall experiment discrepancy is the CN stretching, which, as discussed
quantitatively compare calculated and experimental scatteringabove, should be free of complications such as intensity
activities. As for the IR spectrum, we obtain in the calculation redistribution between adjacent bands; thus, its computational
a splitting of the nitrile stretching peak (1) which is not present prediction should be easier.
in the experimental spectrum. In the simulated spectrum igr CH A possible reason for the underestimation is the relatively
Cly, the relative intensity of peak (2) is strongly overestimated, small basis set. We (and othé¥&)2°have verified that, in the
whereas the experimental region between 1400 and 16006 cm case of small molecules, larger basis sets (for example, the one
is well described by the calculation. The relative intensity of by Sadlef® which should be particularly suitable for Raman
peak (3) is also well reproduced. Moving from dicholoromethane intensities because it is tailored for the molecular polarizability)
to methanol, the most evident change in the experimental give greater absolute values of the Raman scattering intensity.
spectrum is the increase in the relative intensity of peak (2), We have tried to perform calculations by using the Sadlej basis,
which is correctly reproduced by the calculation. However, as but we experienced problems in SCF convergence, probably
the relative intensity of peak (2) was already overestimated in related to basis set overcompleteness.
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TABLE 7: Integration Ranges for the Raman Scattering
Activities of the Various Investigated Bands of M2

band (cnt?) range (cmY) band (cnm?) range (cm?)
1713 172#+1702 1284 13141271
1573 1595-1564 1186 12311135
1508 15471486

2 The values refer to the Raman spectrum in chloromethane

To approximately decouple the calculation level from the
solvent model, we have applied t&R| the same scaling
procedure presented above for the vibrational absorption coef-
ficient. Again, the use of such a procedure is based on the
consideration that simplest solvation theottese multiplicative
factors to introduce solvent effects starting from in-vacuo Raman
activities. Figure 10 presents the experimecelculation cor-
relation graph after the scaling. This figure shows that the main
reason for the large scattering of Figure 9 was not due to lack
of linearity among data belonging to the same band but to
different linear coefficients for each band. After scaling, a fairly

good correlation between calculations and experiments is Values are in 10f e g

observed, apart from some points referring to the band at 1529
cm L. The band spanning the largest rangeR)f(1198 cnt?)
shows a quite good experimertheory correlation.

4.2.2. M2.In the case of M2, we will not perform any

J. Phys. Chem. A, Vol. 107, No. 48, 200B0269

1 ’/,
m 1713 em’
- ® [573em : P
A 1508 cm : //,/
v 1284 cm P
1186 em’ v
o
e
10 //
2} ~
= 2
o L
./,6 i i
5 e
e .
I .’l -
G v
% v v
//' e
04 . T r , ' .
0 5 10 15

exp

Figure 11. Comparison between calculated (calc) and experimental
(exp) Raman scattering activitigR| for different bands of M2 in
different solvents. Values are in 10cm? g~12,

= [713cem’ .//
154 e 1573cm’ ,/’
A 1508 em’ A A
v 1284 cm’ vk :
1186 em’ '/"
10 4 A
0 .//
= s 7
5 A ,./’
v -
v ‘/'
51 .. ¥
[ B
'S
0 ¥ T ¥ T ¥ T
0 B 10 15

exp

Figure 12. Comparison between calculated (calc) and experimental
(exp) Raman scattering activitigR| for different bands of M2 in
different solvents. Calculated results are scaled as explained in the text.

1/2

applying the scaling procedure (see above), we obtain the plot
reported in Figure 12, where the scattering of the data is

noticeably reduced. The agreement between calculations and
experiments is fairly good, at least of the same quality as that

comparison between simulated and experimental spectra. In factfor M1 (see Figure 10).

since we are using a model molecule bearing methyl groups
instead of ethyl groups, we know from the very beginning that
some bands, which are important to reproduce the qualitative

In light of the results obtained for IR (see section 4.1.2), this
relatively good agreement is quite surprising. However, we
remark that, among the bands considered in Figure 12, the ones

appearance of the experimental spectrum, cannot be correctlyat 1713, 1573, and 1284 crh have small IR absorption

predicted. In addition, the appearance of the experimental
spectrum of M2 in polar solvents (acetonitrile and nitromethane)
is dominated by the solvent bands, not allowing for an easy
comparison with the calculation (we recall that in Raman
spectroscopy it is not straightforward to subtract the pure-solvent
spectrum directly from the solution one, as can be done for IR).
As before, we will compare the Raman scattering activities
(expressed afR|) obtained from calculations and from experi-

coefficients, only slightly solvent-sensitive. Thus, since the
comparisons for IR and Raman mainly refer to different bands,
it is possible that the quality of the description is different in
the two cases. In particular, looking at normal modes associated
with these bands, it is found only negligible components due
to motions of the fictitious methyl groups (which, we recall, in
our model molecule replace the ethyl groups of the actual
molecule) are involved. In contrast, the other bands contain small

ments. Table 7 collects the integration ranges (in chloromethane)but not negligible components of methyl motions. Besides this

for the considered bands.
The correlation between calculated and experimental results

observation regarding the methyl groups, we were not able to
find other simple correlations between the nature of the normal

for |R| is shown in Figure 11. The scattering of the data is quite modes and the quality of the agreement between theory and
large and not too different from what is observed for M1. Again, experiment for a given band (the graphical representation of
calculations underestimate experiments, but for at least twothe normal modes is available as Supporting Information).

bands (1713 and 1573 cr), the agreement is pretty good. By However, as a general remark, it is reasonable that the scaling
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TABLE 8: Calculated Values of the Bond Length TABLE 10: Calculated Values of the Bond Length

Alternation Parameter (BLA) for M1 in Vacuo and in Alternation Parameter (BLA) for M1 in Vacuo at Different
Different Solvents QM Levels?

medium  vac GHe CHCIl; CHXIl, CHsCN CHOH level HF MP2 B3LYP BLYP
BLA(A) 0.0428 0.0275 0.0161 0.0108 0.0042 0.0045 BLA (A) 0.0803 0.0499 0.0428 0.0353
TABLE 9: Calculated Values of the Bond Length 2 The same basis set (6-BG*) has been used for all the calculations.

Alternation Parameter (BLA) for M2 in Vacuo and in
Different Solvents

medium  vac cad CHCl; CHxCl, CH:CN CHNO,
BLA (&) 0.0454 0.0309 0.0215 0.0155 0.0101 0.0101

it overestimates the conjugation); due to this underestimation,
we obtain, in light of the trends noted above, an overestimation
of the calculated IR intensities and an underestimation of the
Raman activities.
To further check this issue, still keeping the 6+33* basis
set, we have repeated geometry optimizations for M1 in the
fgas phase at the HF and MP2 levels, as well as at the DFT
level with the BLYP functional (see Table 10). As can be seen,
DFT gives lower values for the BLA in comparison with both
HF and MP2. Notice, in addition, that the BLYP (that contains
no Hartree-Fock exchange) value is even lower than the
B3LYP one. These findings agree with similar observations
previously reported in the literature (see, for example, refs 33
37) with regard to various alternating singiéouble bond
The bond length alternation (BLA) can be defined as the systems (butin the case of nonsubstituted polyenes, comparable
average of the difference in the length between adjacent carbon results for B3LYP and MP2 have been obtain&d)hus,
carbon bonds in the polymethyne [(GHpridge between the  possible disagreements between calculated and experimental
push and the pull groups. Such a quantity has been widely usedvalues may be due to the limited capability of DFT to accurately
to rationalize the trends of linear and nonlinear optical properties describe some aspects of the structure of the molecule. In
of push-pull molecules, since it is a measure of the conjugation addition, the use of DFT for the calculation of electric properties
along thes-bond chair? In Tables 8 and 9 we report the such as dipole moments and static polarizabilities, related to
calculated values for M1 and M2 in the gas phase and in the IR and Raman intensities, has been questioned for large-push
various solutions here considered. pull systems?® However, for molecules of the size of M1 and
We note that our model predicts a decrease of the BLA (i.e., M2, DFT still represents the best compromise between accuracy
an increase in the conjugation of the chain) in passing from in and feasibility.
vacuo to solution and then from nonpolar to polar solvents. This
is the expected trend, since solvent effects (in particular, for 6. Conclusions
polar solvents) increase the relative stability of the zwitterionic |, this article, we have presented a comparison between
resonance structure in comparison with the neutral one.  experimental and calculated results for vibrational properties
From what we have discussed in the previous sections, it (frequencies, IR absorption intensities, and Raman scattering
in parallel underestimate Raman activities. In particular, large computational methodology used is based on the PCM descrip-
errors are associated with vibrational modes involving the tion of the solution, with the solute treated quantum-mechani-
activities are obtained respectively as derivatives of the dipole expjoited in all the calculations. As a general note, our calculated
moment and of the polarizability with respect to normal resyits seem to overestimate infrared absorption coefficients and
coordinates. For vibrations of the-C chain, such normal {5 ynderestimate Raman scattering activities in comparison with
COOI’dInateS |mp|y Val’latlonS Of the BLA. ThUS, IR IntenSItIeS expenments However, by us|ng an approx|mate procedure for
and scattering activities of these vibrations are related to the gecoupling the QM level of calculation from the results of the
respect to the BLA. The behavior of the dipole moment and and scattering intensities are predicted quite well, with the
molecular polarizability (and their vibrational contributions, possible exception of IR intensities for M2. A number of reasons
strictly connected to IR and Raman intensities) as a function of for discrepancies between calculated and experimental results
the degree of conjugation of the-bond chain has been  haye been discussed. Finally, we have investigated the variation
investigated by different authors (see, for example, ref 32 and of an important structural parameter of pegull molecules
references therein). (the BLA) as a function of the solvent, and on the basis of this
Focusing on M1, the bands having the largest componentsparameter, we have suggested one of the possible reasons for

due to motions of the chain (those at 1530 and 1576%¥m  the observed overestimation of IR intensity and underestimation
show an increase in the IR intensity and conversely a decreasesf Raman activity.

in the Raman activity (independently of local field effects) in

passing from nonpolar to polar solvents. In other words, we  Acknowledgment. S.C., C.C., and J.T. thank MIUR (Min-
found for M1 that a decrease in BLA corresponds to an increaseistero delllstruzione, Universita Ricerca) and Gaussian, Inc.
in IR intensities and to a decrease in Raman activities. Given for financial support.

such a behavior, we tentatively propose the following as one

of the reasons for the discrepancy between calculations and Supporting Information Available: Pictures of the normal
experiments: the level of calculation that we have used (DFT modes of M1 and M2 of interest in this study. This material is
with the hybrid B3LYP functional) underestimates the BLA (i.e., available free of charge via the Internet at http://pubs.acs.org.

procedure discussed above works better for bands involving only
one kind of vibrational coordinate (such as the bands at 1713,
1573, and 1284 cmi). In fact, when different vibrational
coordinates (e.g. skeletal and carbonyl stretching in the case o
the band at 1652 cm) contribute to the same band, each
coordinate should have its own scaling factor, while we can
only determine an “averaged” factor.

5. Bond Length Alternation and Calculated Vibrational
Intensities
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