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1. Introduction

Recent years brought on a revival for semiempirinalecular orbital theory [1--7], after a long pmetiof
‘consistent reports of its death’ [8]. Despite ttentinuous growth in system sizes availabledotinitio or
DFT treatment, the computational efficiency [9] sgmiempirical methods still makes them an attractiv
alternative for many applications [10--13].

Vibrational frequency calculations by quantum mewtea methods are of major importance in many acéas
chemistry. Apart from their most straightforwardoligation, the prediction and interpretation of national
spectra, they are crucial in dealing with quargtitiehich depend on the form of vibrations, like améd and
Raman intensities, or the vibrational structurellinaviolet and photoelectron spectra, as well iasational
averaging effects on molecular geometries and dipgbments. Another important area is the derivadion
thermochemical and kinetic information throughistatal thermodynamics.

Computed frequencies typically deviate from experally determined ones significantly (with rare
exceptions for very high-level calculations, white only feasible for small molecules due to tlesireme
computational demand). This has led to the stangeactice of scaling the results in order to bringm in
line with measured values [14--19]. Two principgdés of scaling procedure has emerged in pradiceore
convenient, albeit theoretically less justified wayo fit calculated versus experimental data gligh without
respect to the structural details involved. A tle¢ioelly more sound way is to use the full inforinatcontent
of the quantum mechanical results and scale thdaimental force constants accordingly, as in thdefica
Quantum Mechanical (SQM) procedure by Pulay [1&2D,

Method development for predicting vibrational frequies based on semiempirical quantum chemif2i]
has been disfavoured at least since Scott and Rg§tRjmeported the very poor results of AM1 and PM3
this respect. This situation may be revised intlighthe arrival of the new NDDO methods RM1 [23ida
PM®6 [24,25]. Both these correct many shortcominfgsheir predecessors, in particular calculated getoies
are much improved. Especially significant is theaattement of PM6 that is parameterized based onca m
extended set of data, and incorporateshell thus extending to the whole periodic tabiguding transition
metals. [24]

In this contribution we report on the performanddirearly scaled RM1 and PM6 in predicting viboatal
frequencies. Besides showing results with the cotimeal single—parameter scaling, we are also ducong

a multi-parameter protocol that seeks middle grcuettveen the simplicity of global scaling and tietailed
mode—specificity of SQM. Using a global fit to frezncies, but incorporating molecular descriptor# sp
according to various types of vibrational modes, phocedure is designated Semiempirical SemigISb#}-
consistently Scaled Quantum Mechanical (S4QM) feagy fitting.

2. Methods

2.1. Data selection procedure

Published experimental vibrational frequencies,vadl as geometries, were obtained from the NIST
CCCBDB [26]. (Those compounds whose full geometayads unavailable from the same database were

(see section 2.2.). Only species in the singlattedaic state, without spin contamination, haverbeeluded
in the final analysis. Those polyatomics which aear—lineari.e. have both of their calculated dimensions in
the x and y directions (perpendicular to the maoletular axis) smaller than 100 pm, were also abeiu
Finally, molecules with excitation energy (comput¢®@MO-LUMO difference) smaller than 8.00 eV were
omitted, too. The dataset so chosen contains 9@aulgs and 922 individual frequencies. For an divera
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description of this set, we have determined thiefohg arithmetic mean values: there are 10.2 feeqies,

6.8 atoms — of which 3.2 are heavy (hon—hydrogenprd 2.6 elements on the average per species. The
constituent elements are (the number of molecllas dontain each is listed in parentheses): C({8{®8),
N(20), O(22), F(21), P(8), S(5), CI(23) and Br(#)is a characteristics of the CCCBDB that they muastly
small organic molecules with few heteroatoms. Sigeto a total of 18 atoms (which occurs in cyclgHG),

and up to 8 heavy atoms (inkg) can be found in this sample.

2.2. Quantum chemical calculations

PM6 and RM1 computations were performed with the WAG2007 program package [24]. First, starting

from theirjnitial experimental geometry, tightly optimized RHF cééted geometries were determined for

molecules considered. At these geometries, singjle-pests were run for spin contamination (with MI&C
keywords ‘1SCF UHF’), and species wi>0.01 were excluded from further consideration. T bending
parameters were obtained (MOPAC keyword ‘BONDS’e iMposed two selection criteria for molecules to
be included in the final analysis for this work: vedence of any atom should be larger than 4.28 renbond
order larger than 2.25. For the remaining spedies, MOPAC ‘FORCE’ calculation yielded theoretical
harmonic frequencies, as well as the semiempindafational analysis [27] that is utilized to obtai
molecular descriptors according the section 2.3.

2.3. MOPAC vibrational analysis of Stewart

Normal coordinate calculations in MOPAC provideup@emental output, with pair—wise atomic partitian
of motions into radial and tangential componentghdugh details of the scheme were published by its
authors [27] long ago, its benefits are rarely gaiped. For easy reference, the main points aresuined
here:

The energy absorbed by each atdBaa( Egg, ...) and the energy absorbed or released by eaet Eng,

Egc, ...) is calculated for each mode. In a given mdHe energy change associated with an ato, is

calculated from its displacement and the forcestiegj the displacement (the force constants). Thergy

change associated with the A—B boRgg, is calculated from the simultaneous relative ldispment of atoms

A and B and the net resisting fordexs may be either positive or negative (unlike the -negativeEaa,

Egg, ..., terms). A loose interpretation of this algebally driven result is that a bond may eithesa@b part of

the energy of the photon stimulating the modef anay release energy to the other motions in thden®he

energy for a given pair of atoms E(A—B) = Eaa + Egg + 2Esg. The total energy for all the pairs of bonded

atoms in the molecule in the modeks; =225 E(A-B).

2.4, Regression models

The conventional one—parameter global frequencylingcaelation [18,26], taken between theoretical
(harmonic) frequencid®°wand their (anharmonic) experimental counterg&Fts, is given by equation (1):

obsV: A.theow (1)

We introduce an expanded multi-parameter expreq@pnbased on partitioning equation (1) with a clet
molecular descriptors;, utilizing the analysis in section 2.3.

obSy= 3 A,f "% j=Ls, Lbt, Hs, Hbt )

URL: http:/mc.manuscriptcentral.com/tandf/tmph
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The four descriptors are calculated from the partibhg of energy contributions to the vibrationabae:
fractions of stretching (radial motion) and benditgysional characters (tangential components) alleated
from the MOPAC output; respectivelys and Lbt are for vibrations involving light atoms (hydrogen
isotopes)Hs andHbt for those with exclusively heavy atoms. We usedésignation S4QM for this model:
Semiempirical Semiglobal Self-consistently Scaled@um Mechanical frequencies.

3. Resultsand discussion
3.1. RM1 frequency fitting

Results from fitting RM1 frequencies to equatiofsd) are summarized in table 1. To put the ovenatrs
shown in perspective: Scott and Radom [18] in tlstiidy involving 1066 fundamentals determin&gys
values of 126 cihand 159 cr, for scaled frequencies from AM1 and PM3 calcolasi respectively.

[Insert table 1 about here]

Fitting for the model denoted S4QM//RMile. equation (2) with RM1, is shown figure 1Lt

Since the fingerprint region (500—2000 Ynis often of special interest experimentally, theet of figure 1
displays the histogram of relative errors tabuldteth this interval only.

Page 4 of 32

sophisticated method regarding its quantum cheynis will further discuss only the latter below.
[Insert figure 1 about here]

3.2. PM6 frequency fitting

Results from fitting PM6 frequencies to equatiohs?) are summarized in table 2. It is noted heat dr 4—
factor model shows considerable improvement oversthgle—factor fitting, unlike in the case with RMn
either case, results are markedly better than Al or PM3.

[Insert table 2 about here]

Figure 2 visualizes fitting to the S4QM//PM6 modahd the histogram of relative errors tabulatednftbe
500—2000 crl interval is shown in the inset.
[Insert figure 2 about here]

From a practical point view, instead of the oveeator describing the fitting across the wholerigg set as
presented above, it is more important to consitier holecular error [18] for individual species. thre
following sections examples of utilizing this fikeS4QM//PM6 model are presented. They are all for
molecules larger than those in the training set.

URL: http:/mc.manuscriptcentral.com/tandf/tmph
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3.3. Indene and indazole: examples of S4QM//PM6 gintion for individual molecules

Indene is a compound with a well characterized tspet; which is often used for calibration purposébker
in experimental vibrational spectroscopy [28,29rotheoretical modelling [30].
[Insert figure 3 about here]

Figure 3 plots the experimentally determined funeatals [31,32)vs. those predicted by the SAQM//PM6
model (sections 2.1., 2.4. and 3.2.). Statistikerieover the fingerprint region are summarized lenihset.
We emphasize that no fit is made to the experinmeiaita on indene: unmodified} parameters from table 2
are substituted into equation (2) for the predictidhis is a check for the transferability of ttwanf scaling
factors determined on the training set, using tiediparameter determined specifically in connectiith the
species.
Similarly to the above, figure 4 presents the S4@M6 results for the indazole molecule (experimental
fundamentals are taken from [31,33]). As seen ftioenstructure indicated on the figure, this compbisnan
indene analogoue that contains geminal nitrogeashieterocyclic ring.

[Insert figure 4 about here]

Even though this structural unit is completely lagkfrom the training set used to obtain the model
parameters, the frequency predictions appear sumgly good for this species: in the fingerpringin
Arms=38 cm', or 4% relative error. For comparison, El-AzhaBi] achieved a fit of\gus=9 cm® with
B3LYP/6-31G** computations and a set of three SQyet[16,20] scaling factors, which had been refined
based on six other analogue structures (also egpertsimilarly refined single—factor scaled fit&fus=15
cm?). On the other hand, the SQM fit by Cane [33],dohien HF/6-31G** computations (which are now
considered inferior to DFT for frequency predicgdB1,34--36]), yielded\rys=22 cm*. One should keep in
mind that both these latter methods require orddrgnagnitude larger computational times than the
semiempirical ones.

3.4. Tetrachlorinatedo—dibenzodioxins: examples of S4AQM//PM6 predictidios an isomer family

In this section results for a set of four isomeraehlorinatedp—dibenzodioxinsTCDD) presented, see figure
5 (which also shows the structure and numberinghefr skeleton). The comparison made here is with
higher—level (SQM//B3LYP/6-31G(d) [37]) theoretigakdictions, rather than with experimental data.

[Insert figure 5 about here]
For both methods a total of 146 frequencies arsidened, which fall into the fingerprint region. Witheir
18 heavy atoms, and multi-substituted aromaticesysthese molecules substantially exceed the coserh
our training set. In particular, many featuresh&f TCDD spectra are affected by the presence of the delori
which being a second-row element is expected tte stifferently [37]. Therefore the large, and partl
systematic, deviations seen on figure 5 are nogpriimg. Nevertheless, the overall trend is faivgll
reproduced. Moreover, the global paire(that spread across all atom types rather thamactaistic of
chlorine) of the systematic difference between owdel and that with the higher—level method can be
minimized with a simple linear adjustment.

adjV: m+b_S4QMw (3)
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With the a posteriori modification described by equation (3), &% w original predictions are brought in
line with the target datasefa incorporating two extra parameters by fittfifty to the target. The errors from
this expanded, six—parameter model are summarizedeoinset of figure 5. These are indicative &f limits
to the predictive power of this simple S4QM//PM6 thwal, as specified with thd.s, Aipt, Ans, Anbt
parameter set given in table 2. Clearly, in ordemike reliable predictions for molecules very ididgr to
those included in the training set, the diversityhe data as well as of the parameters shouldhtreased.
The partial successes of the initial version of BMBM6 show promise for applying the same protdcol
expanding the model this way.

4. Conclusion and outlook

Compared to the errors of scaled semiempiricaluleeqy predictions published in the seminal papesdutt
and Radom [18], the new NDDO methods are improwest their predecessors: single—parameter fittirth wi
RM1 yie'dSARMs 96 — instead of\rys=126 le with AM1; with PM6 Arus=108 — instead of\rys=159
cm® with PM3. Our novel S4QM fitting gives further rexfion of error, most notably with the all-element
method PM6 frms=88 with four scaling constants). Importantly, falur parametersA(s, Aipt, Ans, Anbt)
from S4QM//PM6 are determined with high significanffom our modestly sized training set currently
utilized. This strongly indicates that systematidlier improvement of the statistics will be attdile with an
enlarged data set and judiciously augmented paesiration. Therefore linearly scaled semiempirical
methods can be made a semiquantitative tool foratidmal frequency prediction. With their improved
calibration they will yielda priori (though notb initio) fundamental frequencies at very small computation
expense, even for large systems.
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Regression results from fitting RM1 frequencies

Table 1. Parameters and summary statistics for R&tjuency fitting.

Model Eqg. (1) Equation (2)
Parametér A s At Aus Anipt
0.986(2) 0.984(2) 1.013(5) 0.9(1) 1.05(2)
oA -7 2
Bove oo 2
Ao 302 283
Drms 96 91

®RMS deviation of fitted wavenumbers (¢jn
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Regression results from fitting PM6 frequencies

Table 2. Parameters and summary statistics for féfiiency fitting.

Model Eqg. (1) Equation (2)
Parametér A As At Ans Anbt
1.061(2) 1.099(2) 1.014(5) 0.924(8) 1.06(1)
0 1
””” L
N 43 279
Drus 108 88

*RMS deviation of fitted wavenumbers (cjn
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List of figure captions

Figure 1. Fitting of observeds. S4QM//RM1 predicted wavenumbers. Inset: histogohmelative deviations in the 500-2000¢m
region.Table: summary statistics of absolute (middle eoiyand relative deviations (right column).

Figure 2. Fitting of observeds. S4QM//PM6 predicted wavenumbers. Inset: histogoénelative deviations in the 500-2000tm - {Tarau;; 1

region.Table: summary statistics of absolute (middle eoidand relative deviations (right column).

with A; parameters from table 2). No fit is made to tipiscies; dotted line indicates thgriori y=x line. Circles mark points with
deviations exceedingd8

Inset: histogram of relative deviations in the 5B000 cri region. Table: summary statistics of absolute (middle ooi)and
relative deviations (right column).

Figure 4. Experimentally determined fundamentals33] of indazols. those predicted by the S4QM//PM6 model (equat®)n (
with 4; parameters from table 2). No fit is made to tipiscies; dotted line indicates thgriori y=x line.

Inset: histogram of relative deviations in the 5P000 cnt region. Table: summary statistics of absolute (Hgictolumn) and
relative deviations (right column).

by the S4QM//PM6 model (equation (2) withparameters from table 2).
Legend: filled triangles, 2378-; open triangles694 squares, 1478-; diamonds, 1378DD.
Light dotted line indicates theepriori y=x line; heavy dotted line indicates adjustedafitording to equation (3).
L op left inset histogram of relative deviations in the 500-2000"cegion.
Table: summary statistics of absolute (middle ooy and relative deviations (right column), fortbtequation (3).
Bottom right inset: data for the 2,3, 7T8DD isomer plotted separatelThe structure of the 2,3,7;BEDD isomer is shown as
well, with the numbering of the-dibenzodioxin skeleton indicated.
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1. Introduction

Recent years brought on a revival for semiempirical molecular orbital theory [1--7], after a long period of
‘consistent reports of its death’ [8]. Despite the continuous growth in system sizes available for ab initio or
DFT treatment, the computational efficiency [9] of semiempirical methods still makes them an attractive
alternative for many applications [10--13].

Vibrational frequency calculations by quantum mechanical methods are of major importance in many areas of
chemistry. Apart from their most straightforward application, the prediction and interpretation of vibrational
spectra, they are crucial in dealing with quantities which depend on the form of vibrations, like infrared and
Raman intensities, or the vibrational structure in ultraviolet and photoelectron spectra, as well as vibrational
averaging effects on molecular geometries and dipole moments. Another important area is the derivation of
thermochemical and kinetic information through statistical thermodynamics.

Computed frequencies typically deviate from experimentally determined ones significantly (with rare
exceptions for very high-level calculations, which are only feasible for small molecules due to their extreme
computational demand). This has led to the standard practice of scaling the results in order to bring them in
line with measured values [14--19]. Two principal types of scaling procedure has emerged in practice. A more
convenient, albeit theoretically less justified way is to fit calculated versus experimental data globally, without
respect to the structural details involved. A theoretically more sound way is to use the full information content
of the quantum mechanical results and scale the fundamental force constants accordingly, as in the Scaled
Quantum Mechanical (SQM) procedure by Pulay [16,20,21].

Method development for predicting vibrational frequencies based on semiempirical quantum chemistry [22]
has been disfavoured at least since Scott and Radom [18] reported the very poor results of AM1 and PM3 in
this respect. This situation may be revised in light of the arrival of the new NDDO methods RM1 [23] and
PM6 [24,25]. Both these correct many shortcomings of their predecessors, in particular calculated geometries
are much improved. Especially significant is the advancement of PM6 that is parameterized based on a much
extended set of data, and incorporates d—shell thus extending to the whole periodic table including transition
metals. [24]

In this contribution we report on the performance of linearly scaled RM1 and PM6 in predicting vibrational
frequencies. Besides showing results with the conventional single—parameter scaling, we are also introducing
a multi—-parameter protocol that seeks middle ground between the simplicity of global scaling and the detailed
mode—specificity of SQM. Using a global fit to frequencies, but incorporating molecular descriptors split
according to various types of vibrational modes, the procedure is designated Semiempirical Semiglobal Self-
consistently Scaled Quantum Mechanical (S4QM) frequency fitting.

2. Methods
2.1. Data selection procedure

Published experimental vibrational frequencies, as well as geometries, were obtained from the NIST
CCCBDB [26]. (Those compounds whose full geometry data is unavailable from the same database were
(see section 2.2.). Only species in the singlet electronic state, without spin contamination, have been included
in the final analysis. Those polyatomics which are near—linear, i.e. have both of their calculated dimensions in
the x and y directions (perpendicular to the main molecular axis) smaller than 100 pm, were also excluded.
Finally, molecules with excitation energy (computed HOMO-LUMO difference) smaller than 8.00 eV were
omitted, too. The dataset so chosen contains 90 molecules and 922 individual frequencies. For an overall
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description of this set, we have determined the following arithmetic mean values: there are 10.2 frequencies,
6.8 atoms — of which 3.2 are heavy (non-hydrogen) — and 2.6 elements on the average per species. The
constituent elements are (the number of molecules that contain each is listed in parentheses): C(67), H(68),
N(20), O(22), F(21), P(8), S(5), C1(23) and Br(4). It is a characteristics of the CCCBDB that they are mostly
small organic molecules with few heteroatoms. Sizes up to a total of 18 atoms (which occurs in cyclo—-Ce¢H5»),
and up to 8 heavy atoms (in C,Fs) can be found in this sample.

2.2. Quantum chemical calculations

PM6 and RM1 computations were performed with the MOPAC2007 program package [24]. First, starting
molecules considered. At these geometries, single-point tests were run for spin contamination (with MOPAC
keywords ‘1SCF UHF’), and species with $>0.01 were excluded from further consideration. Then bonding
parameters were obtained (MOPAC keyword ‘BONDS’). We imposed two selection criteria for molecules to
be included in the final analysis for this work: no valence of any atom should be larger than 4.25, and no bond
order larger than 2.25. For the remaining species, the MOPAC ‘FORCE’ calculation yielded theoretical
harmonic frequencies, as well as the semiempirical vibrational analysis [27] that is utilized to obtain
molecular descriptors according the section 2.3.

2.3. MOPAC vibrational analysis of Stewart

Normal coordinate calculations in MOPAC provide a supplemental output, with pair—wise atomic partitioning
of motions into radial and tangential components. Although details of the scheme were published by its
authors [27] long ago, its benefits are rarely recognized. For easy reference, the main points are summarized
here:

The energy absorbed by each atom (Ex, Egp, ...) and the energy absorbed or released by each bond (E,g,

Exgc, ...) is calculated for each mode. In a given mode, the energy change associated with an atom, Eaa, is

calculated from its displacement and the force resisting the displacement (the force constants). The energy

change associated with the A-B bond, E,g, is calculated from the simultaneous relative displacement of atoms

A and B and the net resisting force. Exp may be either positive or negative (unlike the non-negative Exa,

Egg, ..., terms). A loose interpretation of this algebraically driven result is that a bond may either absorb part of

the energy of the photon stimulating the mode, or it may release energy to the other motions in the mode. The

energy for a given pair of atoms is: E(A-B) = Exa + Egp + 2EAp. The total energy for all the pairs of bonded

atoms in the molecule in the mode is: E;,, =225 E(A-B).

2.4. Regression models

The conventional one—parameter global frequency scaling relation [18,26], taken between theoretical
(harmonic) frequencies ™°wand their (anharmonic) experimental counterparts v, is given by equation (1):

obs v= A.theoa) (l)

We introduce an expanded multi-parameter expression (2), based on partitioning equation (1) with a set of
molecular descriptors, f;, utilizing the analysis in section 2.3.

Sy =3.4:f"w, j=Ls, Lbt, Hs, Hbt )
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The four descriptors are calculated from the partitioning of energy contributions to the vibrational mode:
fractions of stretching (radial motion) and bending+torsional characters (tangential components) are collected
from the MOPAC output; respectively Ls and Lbt are for vibrations involving light atoms (hydrogen
isotopes), Hs and Hbt for those with exclusively heavy atoms. We use the designation S4QM for this model:
Semiempirical Semiglobal Self-consistently Scaled Quantum Mechanical frequencies.

3. Results and discussion
3.1. RM1 frequency fitting

Results from fitting RM1 frequencies to equations (1-2) are summarized in table 1. To put the overall errors
shown in perspective: Scott and Radom [18] in their study involving 1066 fundamentals determined Agus
values of 126 cm™ and 159 cm™, for scaled frequencies from AM1 and PM3 calculations, respectively.

[Insert table 1 about here]

Fitting for the model denoted S4QM//RM1, i.e. equation (2) with RM1, is shown figure 1. The inset of this
figure (as well as of those following) has a table with summary statistics for both the absolute and relative
deviations, as well as a histogram of the latter. Note that the statistics for relative errors are merely displayed
for comparison with similar reports in the literature, but all of the calculations carried out here used non-
relative values for fitting. (This causes the average of relative deviations to be further from zero than that of
the absolute ones.) Both the visual display of the points scattering around the fitted line, and the statistics (i.e.
Amax = 3ArMs) confirm that there are no particular outliers.

Since the fingerprint region (500-2000 cm™) is often of special interest experimentally, the inset of figure 1
displays the histogram of relative errors tabulated from this interval only.

sophisticated method regarding its quantum chemistry, we will further discuss only the latter below.
[Insert figure 1 about here]

3.2. PMG6 frequency fitting

Results from fitting PM6 frequencies to equations (1-2) are summarized in table 2. It is noted here that our 4—
factor model shows considerable improvement over the single—factor fitting, unlike in the case with RM1. In
either case, results are markedly better than with AM1 or PM3.

[Insert table 2 about here]

Figure 2 visualizes fitting to the S4QM//PM6 model, and the histogram of relative errors tabulated from the
500-2000 cm™" interval is shown in the inset.
[Insert figure 2 about here]

From a practical point view, instead of the overall error describing the fitting across the whole training set as
presented above, it is more important to consider the molecular error [18] for individual species. In the
following sections examples of utilizing this fitted S4QM//PM6 model are presented. They are all for
molecules larger than those in the training set.
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3.3. Indene and indazole: examples of S4QM//PM6 prediction for individual molecules

Indene is a compound with a well characterized spectrum, which is often used for calibration purposes either
in experimental vibrational spectroscopy [28,29] or in theoretical modelling [30].
[Insert figure 3 about here]

Figure 3 plots the experimentally determined fundamentals [31,32] vs. those predicted by the S4QM//PM6
model (sections 2.1., 2.4. and 3.2.). Statistics taken over the fingerprint region are summarized on the inset.
We emphasize that no fit is made to the experimental data on indene: unmodified 4; parameters from table 2
are substituted into equation (2) for the prediction. This is a check for the transferability of the four scaling
factors determined on the training set, using no fitted parameter determined specifically in connection with the
species.
Similarly to the above, figure 4 presents the S4QM//PM6 results for the indazole molecule (experimental
fundamentals are taken from [31,33]). As seen from the structure indicated on the figure, this compound is an
indene analogoue that contains geminal nitrogens in a heterocyclic ring.

[Insert figure 4 about here]

Even though this structural unit is completely lacking from the training set used to obtain the model
parameters, the frequency predictions appear surprisingly good for this species: in the fingerprint region
Arms=38 cm’', or 4% relative error. For comparison, El-Azhary [31] achieved a fit of Arms=9 cm’! with
B3LYP/6-31G** computations and a set of three SQM-type [16,20] scaling factors, which had been refined
based on six other analogue structures (also reported a similarly refined single—factor scaled fit of Agms=15
cm'l). On the other hand, the SQM fit by Cane [33], based on HF/6-31G** computations (which are now
considered inferior to DFT for frequency predictions [31,34--36]), yielded Agps=22 cm’'. One should keep in
mind that both these latter methods require orders of magnitude larger computational times than the
semiempirical ones.

3.4. Tetrachlorinated p—dibenzodioxins: examples of S4QM//PM6 predictions for an isomer family

In this section results for a set of four isomer tetrachlorinated p—dibenzodioxins (TCDD) presented, see figure
5 (which also shows the structure and numbering of their skeleton). The comparison made here is with
higher—level (SQM//B3LYP/6-31G(d) [37]) theoretical predictions, rather than with experimental data.

[Insert figure 5 about here]
For both methods a total of 146 frequencies are considered, which fall into the fingerprint region. With their
18 heavy atoms, and multi—substituted aromatic system, these molecules substantially exceed the coverage of
our training set. In particular, many features of the TCDD spectra are affected by the presence of the chlorine,
which being a second-row element is expected to scale differently [37]. Therefore the large, and partly
systematic, deviations seen on figure 5 are not surprising. Nevertheless, the overall trend is fairly well
reproduced. Moreover, the global part (i.e. that spread across all atom types rather than characteristic of
chlorine) of the systematic difference between our model and that with the higher—level method can be
minimized with a simple linear adjustment.

Wy = mtb > Mg 3)
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With the a posteriori modification described by equation (3), the S4aM original predictions are brought in

line with the target dataset, via incorporating two extra parameters by fitting 2y, to the target. The errors from
this expanded, six—parameter model are summarized on the inset of figure 5. These are indicative of the limits
to the predictive power of this simple S4QM//PM6 method, as specified with the ALs, Aibt, AHs, AHbt
parameter set given in table 2. Clearly, in order to make reliable predictions for molecules very dissimilar to
those included in the training set, the diversity of the data as well as of the parameters should be increased.
The partial successes of the initial version of S4QM//PM6 show promise for applying the same protocol for
expanding the model this way.

4. Conclusion and outlook

Compared to the errors of scaled semiempirical frequency predictions published in the seminal paper by Scott
and Radom [18], the new NDDO methods are improved over their predecessors: single—parameter fitting with
RM1 yields Arpms 96 — instead of Arms=126 cm’! with AM1; with PM6 Arms=108 — instead of Agys=159
cm’' with PM3. Our novel S4QM fitting gives further reduction of error, most notably with the all-element
method PM6 (Arms=88 with four scaling constants). Importantly, all four parameters (ALs, Aibt, AHs, AHbt)
from S4QM//PM6 are determined with high significance from our modestly sized training set currently
utilized. This strongly indicates that systematic further improvement of the statistics will be attainable with an
enlarged data set and judiciously augmented parameterization. Therefore linearly scaled semiempirical
methods can be made a semiquantitative tool for vibrational frequency prediction. With their improved
calibration they will yield a priori (though not ab initio) fundamental frequencies at very small computational
expense, even for large systems.
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Regression results from fitting RM1 frequencies

Table 1. Parameters and summary statistics for RM1 frequency fitting.

Model Eq. (1) Equation (2)
Parameter* A ALs ALbt Anis Asbt
0.986(2) 0.984(2) 1.013(5) 0.9(1) 1.05(2)
‘ PAyise -7 2
MUE oo 7o
A max 302 283
Arms 96 91

Standard deviations in the last digit are shown in parentheses
®Mean signed error of fitted wavenumbers (cm™")

“Mean unsigned error (MUE) of fitted wavenumbers (cm™")
,dMaximum absolute deviation of fitted wavenumbers (cm™)

‘RMS deviation of fitted wavenumbers (cmq)
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Regression results from fitting PM6 frequencies

Table 2. Parameters and summary statistics for PM6 frequency fitting.

Model Eq. (1) Equation (2)
Parameter* A ALs ALbt Anis Asbt
1.061(2) 1.099(2) 1.014(5) 0.924(8) 1.06(1)
‘ Avsgy 0 ] v
Awuw_ 87 "o
Amax 443 279
Arms 108 88

Standard deviations in the last digit are shown in parentheses
®Mean signed error of fitted wavenumbers (cm™")

“Mean unsigned error (MUE) of fitted wavenumbers (cm™")
,dMaximum absolute deviation of fitted wavenumbers (cm™)

‘RMS deviation of fitted wavenumbers (cmq)
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