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Abstract

A factorial design-principal component regression method is proposed for calculating fundamental vibrational frequencies.
The method is illustrated by estimating both observed and anharmonicity-corrected frequencies of CHF3 using theoretical
frequencies of CH3F, CH2F2 and CHF3 and observed and corrected frequencies of CH3F and CH2F2. Theoretical frequencies are
provided by ab initio molecular orbital calculations prescribed by 2421 fractional factorial designs. The estimated observed and
anharmonicity-corrected CHF3 frequencies are 0.1%–2.8% of the experimental values. These results are much more accurate
than those obtained by simple linear regression (0.2%–11.9%) or those of the 2421 factorial design.q 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction

The calculation of vibrational frequencies for mole-
cules has followed two general tendencies. In earlier
times, force constants determined from the vibrational
frequencies of small molecules were transferred to
larger molecules in order to predict their frequencies.
Within the harmonic oscillator approximation this
method can be very accurate as least squares proce-
dures [1–3] can be used to determine force constants
from anharmonic-corrected frequencies of isotopo-
mers. Errors arise owing to uncertainties in the anhar-
monic corrections as well as frequency corrections for
Fermi resonance interactions between individual
bands. Further, force constants are not exactly trans-
ferable from one molecule to another even if the two
molecules have very similar electronic structures.

More recently, with the availability of operationally
simple ab initio molecular orbital programs, scientists
not trained as specialists in vibrational spectroscopy
can perform frequency calculations. Furthermore,
frequency estimates are even possible for relatively
unstable molecules. Unfortunately comparisons of
molecular orbital results with observed band positions
are also hampered by anharmonicity and Fermi reso-
nance correction estimates. Besides this, force
constant scaling factors must normally be applied as
ab initio frequency estimates are often higher than the
experimental values [4].

Principal component analysis was used in our
laboratory to compare experimentally observed spec-
tral parameters for several molecules, CH3F

5, CH2F2
6

and the difluoro- and dichloroethylenes [7,8], with the
results obtained from diverse molecular wave func-
tions in attempts to identify those providing the most
accurate results. As each one of these molecules has
3N-6 vibrational degrees of freedom, a half dozen or
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more vibrational frequencies or intensities can be trea-
ted simultaneously with this methodology.

The choice of wave functions to be included in the
principal component analysis is conveniently made
using a statistical factorial design [9]. These designs
are made using statistical criteria and are normally
associated with experimental endeavors aimed at
minimizing work and expenditures in the laboratory
while still providing precise models capable of repro-
ducing and even predicting measurement results as a
function of varying experimental conditions.

In this work factorial design and principal compo-
nent analysis are used to calculate the CHF3 vibra-
tional frequencies from those of CH3F and CH2F2.
Correlations of frequency values calculated from
wave functions prescribed by a factorial design for
CH3F and CH2F2 with those calculated for the same
design for CHF3 are used along with the experimental
frequency values of the former molecules to estimate
CHF3 experimental frequency values. As the

calculations are based on statistical correlations rather
than physical models, anharmonicity and Fermi reso-
nance corrections, always nagging sources of uncer-
tainty in conventional calculations, are automatically
included.

2. Calculations

The proposed procedure is diagrammed in Fig. 1
where an ordinary linear regression situation is
shown. Theoretical CHF3 frequencies are individually
regressed on one or more of the theoretical CH3F and
CH2F2 frequencies. Then the corresponding experi-
mental CH3F and CH2F2 frequencies are substituted
into the regression equations to obtain estimates of the
experimental CHF3 frequencies. For principal compo-
nent regression, the autoscaled theoretical CH3F and
CH2F2 frequency data are first subjected to a principal
component transformation. The coordinates of the

I.S. Scarminio et al. / Journal of Molecular Structure (Theochem) 464 (1999) 163–170164

Fig. 1. The observed frequencies of CHF3 can be predicted by regressing their molecular orbital frequency values on individual (simple linear
regression) or all (multiple linear regression) CH3F and CH2F2 frequencies. For principal component regression, scores are determined for
theoretical CH3F and CH2F2 frequencies and used as regressors for the CHF3 theoretical frequencies. In both cases experimental CH3F and
CH2F2 values are used to provide predictions of the observed or anharmonic-corrected CHF3 values.



original data in the new space are called principal
component scores, represented by thet matrix in the
figure. Theoretical CHF3 frequencies are individually
regressed on these scores to obtain regression equa-
tions. Finally, principal component transformed CH3F
and CH2F2 experimental frequency values are substi-
tuted into these equations to estimate the CHF3 experi-
mental frequencies.

A 2421 fractional factorial design, shown in Table 1
requiring eight wave function calculations, is used to
predict the CHF3 frequency values. The four varying
factors are (1) the use of a 6-31G or 6-311G valence
basis set, (2) the presence or not of polarization

functions in the basis set, (3) the presence or not of
diffuse functions in this basis and (4) the use or not of
second-order Møller–Plesset perturbation corrections
to the Hartree–Fock level calculations. The theoreti-
cal CH3F and CH2F2 values are taken from Refs. [5
and 6].

The ab initio molecular orbital calculations were
carried out using theGAUSSIAN 94 computer
program [10] on IBM RISC 6000 at CENAPAD-SP
and DIGITAL ALFA 1000 workstations. The princi-
pal component transformation and regressions were
performed using software prepared in our laboratory.

3. Results

The molecular orbital values of the CH3F, CH2F2

and CHF3 vibrational frequencies for the fractional
factorial design in Table 1 are presented in Tables
2–4. Included in these tables are the observed experi-
mental frequency values as well as values that have
been corrected for anharmonicity [1,11–13]. Note that
the CH symmetric stretching frequency values for
CH3F and CHF3 in these tables were also corrected
for Fermi resonance.

The simple regressions were carried out by regres-
sing the theoretical values of the 2421 fractional
factorial design for CHF3 on the corresponding
CH3F values, i.e. the theoreticaln i(CHF3) values
were each regressed on the correspondingn i(CH3F)
values fori � 1,2…6. For the principal component
regression, scores were first calculated for the
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Table 1
2421 Fractional factorial design for the calculation of the vibrational
frequencies of CH3F, CH2F2 and CHF3

Factors Levels

– 1

Basis set 6-31G 6-311G
Polarization functions Absent present
Diffuse functions Absent present
Electron correlation Hartree–Fock Møller–Plesset 2

Wave Function Factorial designation
MP2/6-31G 2 2 2 1

HF/6-311G 1 2 2 2

HF/6-31G(d,p) 2 1 2 2

MP2/6-311G(d,p) 1 1 2 1

HF/6-311 1 G 2 2 1 2

MP2/6-3111 1 G 1 2 1 1

MP2/6-311 1 G(d,p) 2 1 1 1

HF/6-3111 1 G(d,p) 1 1 1 2

Table 2
Calculated and experimental fundamental vibrational frequencies of CH3F (cm21) for the 2421 fractional factorial design

Wave function n1 (A1) CH3 str. n2 (A1) CH3 bend n3 (A1) CF str. n4 (E) CH3 str. n5 (E) CH3 def. n6 (E) CH3 def.

2 2 2 1 3096.2 1534.6 996.2 3202.2 1569.6 1172.4
1 2 2 2 3212.4 1621.4 1080.8 3309.0 1644.7 1264.0
2 1 2 2 3203.5 1637.0 1186.1 3286.3 1633.0 1307.2
1 1 2 1 3087.6 1536.6 1105.6 3186.3 1519.1 1224.0
2 2 1 2 3251.7 1608.6 1047.2 3359.5 1644.7 1254.3
1 2 1 1 3050.4 1495.4 924.4 3171.9 1541.9 1144.6
2 1 1 1 3143.5 1525.3 1056.7 3259.6 1548.5 1211.8
1 1 1 2 3193.5 1610.9 1156.6 3276.9 1614.0 1295.5

Observeda 2930b 1464 1048.6 3005.8 1467 1182
Harmonica 3055 1500 1067 3165 1510 1212

a Ref. [1]
b corrected for Fermi resonance
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combined molecular orbital CH3F–CH2F2 frequency
values of Tables 2 and 3. Then separate regressions of
the theoretical values of each CHF3 fundamental
frequency (Table 4) were performed on the scores of
the first two principal components of this CH3F–
CH2F2 data set. To predict the CHF3 frequencies, the
PC scores of the observed and anharmonicity-
corrected frequencies of CH3F and CH2F2 were substi-
tuted in the regression equations. Table 5 presents
predicted frequencies for CHF3 obtained by simple
linear regression and principal component regression.
Observed CHF3 frequency values and those corrected
for anharmonicity are included in this table for
comparison.

Simple linear regression results in calculated
frequency values deviating from the observed values
by relative errors, [(n cal 2 nobs)/nobs] × 100%, between
1.9% and 11.9%. Its predictions of anharmonicity-
corrected values are slightly better deviating by
0.2%–11.5%. The largest relative deviations occur
for the n3 CF symmetric bending frequency in both
cases.

The calculated results for PCR are much more
accurate. Relative errors of the calculated frequencies
from the observed values range from only 0.1% to
2.5%. The relative errors in the PC regression results
aimed at predicting the anharmonic-corrected CHF3

frequencies are about the same with values from
0.2% to 2.8%. A more rigorous comparison of
calculated and experimental values involves consider-
ing errors in the anharmonic-corrected frequencies

that have been estimated by Kirk and Wilt [12].
These errors include contributions from band posi-
tion measurements and uncertainties in correcting
the observed frequencies for anharmonicity. They
are reproduced in the first column of the second
half of Table 5. Except for the CH stretching
frequency,n1, the differences between the PCR calcu-
lated and experimental values of the harmonic
frequencies are less than two times the error estimate
in the observed values. Then1 calculated value is 85
cm21 larger than then1 value of Ref. [12]. Although
this difference is about three times the experimental
uncertainty, the PCRn1 estimate is clearly superior
to the one obtained by simple linear regression
and significantly better than any of the ab initio
results in Table 4, which are 130–260 cm21 above
this value.

A critical assumption made for the calculation of
these results involves the use of only two PC’s to
describe the CH3F–CH2F2 frequency space. Together
they account for 97.3% of the total variance in these
frequency values. The third PC describes an addi-
tional 2% of the total variance and could provide
valuable information for frequency prediction. For
this reason PCR calculations of all CHF3 fundamental
frequencies were also carried out using three principal
components. Comparison of these results with the
calculated frequencies using only two PC’s showed
a maximum difference of only 3 cm21 for all funda-
mental frequencies, confirming the validity of the two
PC model.
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Table 5
Predicted CHF3 fundamental frequency values, in cm21

Observed frequencies Frequencies corrected for anharmonicity

nexp n aSR relative errorb n c
PCR Relative errorb nexp n a

SP(cm21) relative errorb n c
PCR Relative errorb

(%) (%) (%) (%)
2991.1 3046.8 1.86 3033.8 1.42 3077̂30 3195.8 3.86 3161.6 2.75
1141.3 1020.5 10.58 1142.6 0.11 1154.7^ 10 1063.6 7.94 1148.3 0.55
700.1 616.9 11.88 698.6 0.21 709.7̂7 628.3 11.47 698.4 1.59
1377.7 1265.7 8.13 1373.9 0.28 1397.5^ 14 1395.2 0.16 1400.1 0.19
1157.5 1054.7 8.88 1129.0 2.46 1187.5^ 10 1107.1 6.77 1165.5 1.85
507.8 467.2 8.00 504.8 0.59 518.9̂5 487.5 6.05 517.8 0.21

a simple linear regression of theoretical CF3H frequencies on corresponding CH3F frequencies
b percentage relative error,

ncalc 2 nobs

vobs

� �
× 100%

c principal component regression of CF3H frequencies on CH3F and CH2F2 frequencies



4. Discussion

Statistical models are not destined to compete with
mechanistic models. When sufficient physical chemi-
cal information is available the latter are very efficient
and provide insight about the nature of chemical
bonding in the molecules being studied. However, if

the main objective is to simply predict observed
frequency values, multivariate statistical methods
can be very useful especially for large molecules.
With an adequate calibration set there is no reason
to expect empirical multivariate statistical frequency
predictions to be less accurate for large molecules
than for small ones.
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Fig. 2. Principal component score graph of the 2421 fractional factorial design CH3F and CH2F2 autoscaled frequencies.

Fig. 3. Principal component score graph of the 2421 fractional factorial design CHF3 autoscaled frequencies.



The empirical statistical approach to calculating
vibrational frequencies works well because the mole-
cular orbital calculated frequencies of CHF3 are
highly correlated with those of CH3F and CH2F2 for
the 2421 fraction factorial design employed here.
However, owing to their high dimensionalities (15
for the combined CH3F–CH2F2 space and six for the
CHF3 space) these correlations are not easily visua-
lized. The principal component transformation,
besides allowing a feasible multiple linear regression
of the fractional factorial results, permits projections
of these spaces in two dimensions. The principal
component graphs for the combined CH3F–CH2F2

and the individual CHF3 frequency spaces are
shown in Figs. 2 and 3. The coordinates of the two
principal component axes in Fig. 2 for the CH3F–
CH2F2 frequency space are the same as the scores
symbolized in Fig. 1 and used in the principal compo-
nent regression. The correlations between the scores
of the two spaces are clearly evident upon comparing
the spatial arrangements of the points in these figures.
They are practically the same for both graphs; the
theoretical (1 1 1 2 ) and (2 1 2 2 ) points
fall in the first quadrants, the observed, corrected and
( 2 1 1 1 ) and (1 1 2 1 ) points are positioned
in the second ones, the (2 2 2 1 ) and (1 2 1 1 )
results are in or close to the third and the (1 2 2 2 )
and (2 2 1 2 ) results occupy the fourth quadrants.
As these spaces explain 97.3% and 98.8% of the total
variances of their respective frequency data sets they
accurately represent the original 15 and six dimen-
sional spaces.

It is of interest to understand why the correlations
between characteristic frequencies of CH3F, CH2F2

and CHF3 calculated for this set of wave functions
are so high. Inspection of the values in Tables 2–4
indicates that the frequency changes provoked by the
wave function modifications are systematic. Note that
the frequency values for Hartree–Fock level results
are almost always larger than the Møller–Plesset 2
level results. If full factorial design results were
given in these tables the systematic deviations
would be more obvious. See, for example, the full
factorial design results already reported for CH3F

5and
CH2F2

6.
The systematic changes in the calculated frequen-

cies for wave function modifications are most conve-
niently analyzed using factorial models, containing

average values quantitatively describing the effects
of changing factor levels on the frequency results.
On the average the effect of introducing Møller–Ples-
set perturbation lowers the CH stretching frequencies
in these molecules by between 100–150 cm21. The
basis change effects (6-31 to 6-311) for these frequen-
cies fall in the narrow235 and242 cm21 range and
even their polarization function–electron correlation
interaction effect values are almost the same (32 to
40 cm21).

The CF stretching frequencies also have very simi-
lar effect values, between –96 and2138 cm21 for
electron correlation, between191 and 1115 cm21

for addition of polarization functions and between
226 and249 cm21 for the addition of diffuse func-
tions. All other effect values are much less. The CH
bends are also highly correlated with the CF stretches
having very similar effect values. In fact the two prin-
cipal component model seems to be valid for these
data as there appears to be two main sources of varia-
tion in the theoretical frequency data of these mole-
cules, one for the CH stretching frequencies and
another for the CF stretching and CH bending
frequencies.

In closing, it should be mentioned that frequency
predictions for larger molecules will be accurate if
there exist correlations between theoretical values of
the calibration set molecules and those of the mole-
cules whose vibrational frequencies are to be
predicted. Appropriate planning of the calibration
set molecules seems able to insure that adequate
correlations are present in the data sets. Also more
sophisticated multivariate statistical techniques, such
as partial least squares (PLS) regression, might
provide even more accurate results than PCR.The
authors thank FAPESP (Fundac¸ão de Amparo a`
Pesquisa do Estado de Sa˜o Paulo) and CNPq
(Conselho Nacional de Pesquisa) for partial financial
support. AEO acknowledges a doctoral fellowship
from CNPq.
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