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Ab initio spectrograms of the molecular vibrational spectrum
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Theoretical spectrograms of the vibrational spectrum of 3,3-dimethylcyclopropene were
constructed and juxtaposed with the experimental Raman and IR spectrograms. The theoreti-
cal spectrograms are represented as sets of vertical lines starting from the points corresponding
to the values of the vibrational frequencies calculated from the scaled quantum-mechanical
(QM) force field obtained at the HF/6-31G*//HF/6-31G* level. Two theoretical Raman
spectrograms were constructed. In the first case, the heights of the vertical lines correspond to
the QM values of the Raman scattering activities. In the second case they represent the relative
differential Raman cross-sections calculated using the QM values of Raman scattering activi-
ties. The initial vibrational mode matrix remains virtually unchanged upon scaling of the QM
force constant matrix because the dispersion of the scale factor values is low. Therefore, the
heights of the theoretical lines for the IR spectrogram represent the QM intensities directly.
The theoretical spectrogram based on the relative differential Raman cross-sections was shown
to depict the experimental Raman spectrum more adequately. This makes it possible to use the
results of the corresponding QM calculations more completely and obtain well-substantiated
assignments of the vibrational frequencies.
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bands, 3,3-dimethylcyclopropene.

Vibrational spectroscopy is an experimental method
for the investigation of molecular structure. The study of
molecular vibrational spectra permits determination of
the molecular symmetry as well as the detection of the
presence of particular functional groups. Computational
vibrational spectroscopy plays a key role in obtaining these
results. The advancement of quantum-mechanical com-
putation techniques! has brought about a break with the
traditional philosophy of calculational vibrational spec-
troscopy.2—3

The unconventional construction of the theoretical
spectrogram of a molecular vibrational spectrum of a large
molecule involves quantum-mechanical calculations of
the force field and its scaling according to Pulay®—3 using
the scale factors (SFs) obtained for well characterized
small molecules with the same structural fragments. This
procedure gives the corrected theoretical vibrational fre-
quencies, which are close to the experimental values. At
the same time the results of the quantum-mechanical
calculations using any program from the GAUSSIAN se-
ries? provide, for each jth normal vibration, the calculated
values of the IR intensity and the Raman scattering activ-
ity, S}.IO However, the latter is, generally speaking, not
the intensity of the corresponding line of the Raman spec-

trum (see below). Therefore, the aim of this work is to
demonstrate the advantages of using the relative differen-
tial Raman cross-sections rather than the Raman activi-
ties obtained from calculations with the GAUSSIAN pro-
grams? for assignment of bands in the vibrational spectrum.

Raman cross-sections

In the case under consideration we are concerned with
normal Raman scattering, i.e., excitation of Raman scat-
tering in the frequency region widely separated from reso-
nance. Intensities of lines in a Raman spectrum are known
to be proportional to the Raman cross-sections, do;/d<,
which can be calculated from the quantum-mechanical
values of S; (in A* (amu)~!). Indeed, the Raman activity,
Sj, of the jth normal vibration is contained in the expres-
sion for the absolute differential Raman cross-section!?:

do; _2m* (v h s (1)
aQ 45 hev; 8nlev; 7
1—exp| -——=+ J
kT

where v is the frequency of the exciting line; 4, ¢, and k
are universal constants; 7'is temperature; and o; and Q are
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Fig. 1. Structural model of the 3,3-dimethylcyclopropene mol-
ecule (1).

respectively the scattering cross-section and the solid angle
of light collection (in A2 sr~! or in 10-16 cm? sr—!). The
Raman scattering activities are the linear combinations of
squares of sums and differences of the first derivatives of
the polarizability tensor with respect to the nuclear nor-
mal coordinates.10

To illustrate the necessity of conversion from S; to
dcsj/dQ when juxtaposing the experimental spectrogram
with the theoretical one, we calculated the theoretical
Raman spectrum of 3,3-dimethylcyclopropene (1, Fig. 1)
at the HF/6-31G*//HF/6-31G* level. Earlier,!1 the
Raman spectrum of molecule 1 was measured for a sample
in the liquid phase (Fig. 2, c).

The spectrogram in Fig. 2, b reproduces the positions
of the molecular lines with the theoretical vibrational fre-
quencies of 1, active in the Raman spectrum and calcu-
lated using the scaled quantum-mechanical force field.
The heights of the vertical lines are proportional to the
relative differential Raman cross-sections for the corre-
sponding vibrations calculated using expression (1).

The spectrogram in Fig. 2, a corresponds to the same
theoretical frequencies calculated using the scaled quan-
tum-mechanical force field of molecule 1,11 but the
heights of the vertical lines are now proportional to the
Raman activities, S/-, taken directly from the GAUSSIAN?
output.

Intensities of IR bands

The output of GAUSSIAN? contains the intensities of
the vibrational bands active in the IR spectrum.1:13 When
scaling the quantum-mechanical force field, it is first con-
verted from Cartesian coordinates into the internal va-
lence independent coordinates. Then the F¥~" matrix ob-
tained is congruently transformed using a diagonal matrix
of SFs (D), i.e,

Fscal = Dl/2qule/2.

If all elements of the diagonal matrix D take the same
value (scalar matrix), after solution of the vibrational
problem!4:15

Gamp scalLscal — LscalA’

the vibrational mode matrix obtained, L5¢l remains un-
changed!®—18 compared to the vibrational mode matrix
L9"™ obtained by solving the secular equation

GUMFa-mya-m= jg-maq-m

where G9"™ is the matrix of kinematic coefficients for the
quantum-mechanical geometric parameters and A is the
diagonal matrix of the frequency parameters related to the
harmonic vibrational frequencies oy, (A, = sw;?). The co-
efficient s depends on the choice of units of measure-
ment. Thus, for the homogeneous scaling (equality of
all SFs) one gets

Lscal = [4-m (2)

If Eq. (2) holds, the theoretical IR spectrogram can be
constructed using the quantum-mechanical intensities
given in the GAUSSIAN ? output since the L3¢ matrix is
contained in the expression for absorption within the
Jth spectral band.

However, in most calculations involving scaling of the
quantum-mechanical force fields, Eq. (2) is only nearly
fulfilled because the elements of the diagonal matrix D
slightly differ from one another. Nevertheless, if the dis-
persion of the SC values near the mean value is small, then

[scal o ja-m (3)

This means that if expression (3) is valid, the theoretical
IR spectrogram can also be constructed using the quan-
tum-mechanical values of the band intensities.

For molecule 1 the dispersion of the SF values from
their mean value is 0.0537 (without inclusion of the SF
for the torsional force constants of the Me groups because
these coordinates are almost completely "separated” from
other coordinates in the £5¢ matrix). Thus, expression
(3) is valid for molecule 1 and the heights of the vertical
lines in the theoretical spectrogram (Fig. 3, a) correspond
to the relative quantum-mechanical intensities of the IR
absorption bands.

Results and Discussion

Juxtaposition of the three spectrograms shown in Fig. 2
demonstrates significant differences between the relative
Raman activities S; (see Fig. 2, a) and the relative differ-
ential Raman cross-sections (see Fig. 2, b). At the same
time reasonable agreement between the latter and the
distribution of the relative experimental intensities of the
lines in the Raman spectrum of molecule 1 is evident.
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Fig. 2. Theoretical (a, b) and experimental (¢) Raman spectrograms of 3,3-dimethylcyclopropene (1); § is the Raman activity and
do;/dQ is the relative differential Raman cross-section.



820 Russ.Chem.Bull., Int.Ed., Vol. 52, No. 4, April, 2003

De Maré et al.

19°-™ (rel. units)
1.0

0.6

A

3000 2000 1500
ILoxp (rel. units)
1.0f

0.8

0.6

02r

3000 2000 1500

=

500

1000

400 v/cm™!

I

1000 500 400 v/cm~!

Fig. 3. Theoretical (a) and experimental (b) IR spectrograms of 3,3-dimethylcyclopropene (1).

One should also take into account the fact that some
experimental lines in the Raman spectrum have a quite
large halfwidth and that the experimental intensity is equal
to the area under the line contour.

The example considered clearly indicates the neces-
sity of conversion from the theoretical Raman activities
obtained from quantum-mechanical calculations using the
GAUSSIAN program® to the corresponding differential
Raman cross-sections.

When constructing the theoretical Raman spectro-
gram, it is well to bear in mind the following. If we com-
pare the results of quantum-mechanical calculations with
the experimental data for a narrow spectral region, one
can use the calculated quantum-mechanical Raman ac-
tivities ;. This immediately follows from examination of
expression (1): if the difference between the frequencies

v; and v; is small, the corresponding factors before S; and
S; in expression (1) are approximately equal and the
Raman cross-sections, do;/dQ and do;/dQ, appear to be
approximately proportional to the corresponding activi-
ties. This feature was used!! in the assignment of the lines
with close-lying frequencies in the Raman spectrum of
molecule 1. However, if the separation between v; and v;
is rather large, it is necessary to use expression (1) and
perform the corresponding conversion.

As can be seen in Fig. 3, the theoretical spectrogram
(Fig. 3, a) simulates the pattern of the experimental IR
spectrum of molecule 1 reasonably well. To avoid confu-
sion, it should be pointed out that the experimental band
at 404 cm~! is present twice in the given spectrogram (see
Fig. 3, b). In addition, it should also be noted that the
experimental spectrum of molecule 1 shown in Fig. 3 was
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recorded in the crystalline phase, so the contours of some
bands are complicated by the Davydov splittings.

Nevertheless, conversion of the quantum-mechanical
intensities for the vibrational bands active in the IR spec-
trum is also needed when scaling the force field if the
dispersion of the SF values is large (e.g., several tenths).
In this case one can take advantage of the dipole moment
derivatives with respect to the Cartesian coordinates (given
in the GAUSSIAN program output). These derivatives
should first be transformed into the corresponding deriva-
tives with respect to the normal coordinates using the
equation

auk - a“k scal
K = Tk Li’ ,
20; %[axj i

where L, is the component of the dipole moment in Car-
tesian coordinates, Q; is the ith normal coordinate, and
X; is the Cartesian coordinate of the jth displacement.
Next the IR intensities are converted using the expression

) () ()]

20; 20; 20;

Here /; is the total integrated band intensity of the
ith normal vibration Q;; u,, My, and p, are the components
of the dipole moment in Cartesian coordinates, N is the
Avogadro constant; and c is the speed of light.19

It should be noted that DFT calculations using, e.g.,
the B3LYP approximation2? usually give rather large de-
viations from experiment for one or more theoretical vi-
brational frequencies. The formal application of the scal-
ing procedure to such force fields is bound to result in a
significant modification of the vibrational mode matrix
Lsal compared to the initial quantum-mechanical matrix
L9™ due to a large dispersion of the SF values. Because of
this, in order to compare the experimental intensities of
the IR absorption bands with the theoretical values the
latter should be converted taking into account the changes
in the L@ matrix. Besides, it should be noted that in the
case of DFT calculations there is no systematic difference
between the calculated and experimental vibrational fre-
quencies. Therefore, applying the scaling procedure to
the force fields found from DFT calculations cannot yield
scale factors that could be transferred to related mol-
ecules.

The aforesaid is also true for the results of solution of
the inverse vibrational problem using the quantum-me-
chanical force field as an initial approximation.21—24 Criti-
cism of such an approach is given in Refs. 2—S5.

Some differences between the relative intensities of
the widely separated lines in the theoretical and experi-
mental Raman spectrograms are probably due to the level
and basis set of the quantum-mechanical calculations.!

_ Nm
=3

The theoretical intensities of the Raman lines are deter-
mined by the derivatives of the molecular polarizability
tensor with respect to the corresponding normal coordi-
nate.1% At the same time the experimental intensity of the
corresponding line is governed by not only the changes in
the molecular polarizability for a particular vibration but
also some additional factors (see, e.g., Ref. 25). The effect
of the instrumental factors should also be mentioned.

The vibrational frequencies given in the spectrograms
in Figs. 2, a and 3, a were calculated using the scaled
force field. These frequencies can be rather closely situ-
ated with a consequent overlapping of the vertical lines
simulating their relative intensities. However, the band
overlap is also observed in the experimental spectrograms
for the closely spaced bands. Owing to the minor differ-
ence between the calculated and experimental vibrational
frequencies this sort of overlapping in the experimental
spectrogram can be different from the overlapping in the
theoretical spectrograms. This is most often observed in
the region of the stretching vibrations of the C—H bonds
(see Figs. 2 and 3).

Replacing the vertical lines by the bands with a dis-
tinct halfwidth prescribed by the assumed line shape (e.g.,
a Lorentzian function) can serve as a final stage in con-
struction of the theoretical spectrogram. However, such a
modification of the theoretical spectrogram is not sub-
stantially significant when carrying out vibrational analy-
sis of a sample.

Thus, the outlined theoretical spectrograms of the vi-
brational spectrum of molecule 1 offer an example of
refined treatment of the results obtained in quantum-
mechanical calculations of the force field and the results
on the intensities of the vibrational bands. This is useful in
obtaining more reliable information to perform vibrational
analysis of a sample.
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