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Normal vibration calculations were performed on 164 basic organic and inorganic compounds by the density
functional method of B3LYP/6-3HG** using the wavenumber-linear scaling (WLS) method, in which
essentially only one parameter is involved for the whole wavenumber region. The average deviation of the
WLS-scaled calculated wavenumbers from the observed wavenumbers for a total of 1223 normal modes was
3.4%. The present results and the previous results on 205 compounds have shown the high performance of
the WLS method in vibrational analysis of a variety of compounds. The effect of anharmonicity on the observed
wavenumbers was examined on the basis of the calculated wavenumbers for 224 diatomic molecules and
ions in comparison with their experimental harmonic wavenumbers. The results indicate that the larger positive
deviations of the unscaled calculated wavenumbers from the observed values at higher wavenumbers are
attributed almost exclusively to the neglect of anharmonicity in the calculated wavenumbers. To generalize
and simplify the WLS method for more convenient use, the wavenumber-linear scale factors were derived

from 17 well-defined wavenumbers of liquid indene at different calculation levels. The application of the
derived scale factors to vibrational analysisabftrans-1,3,5,7,9-decapentaene yielded results in close agreement
with the experimental data. This WLS indene calibration method is a convenient technique to obtain vibrational
wavenumbers of large molecules with high accuracy.

Introduction the observed wavenumbers. Although the SQM method has
become one of the most useful techniques in vibrational analysis
of medium-sized molecules in the 1980s, several problems were
raised in accurate interpretation of experimental spectra. For

Analysis of infrared and Raman spectra of polyatomic
molecules has played an important role for a long time in

determining molecular structures and intramolecular and inter- . .
molecular forces. A great number of vibrational analyses were €X@mple, the off-diagonal force constants for polyenes were ill-

performed using empirical molecular force fields until the 1970s determined by the HF-based SQM metfidd.o obtain more
and have contributed significantly to the development of accurate 'predlt':t|ons of V|brat|onal'spectra, more sophisticated
vibrational spectroscopyA huge number of empirical force methods including electron_ correlation, such as the second-order
constants have been obtained through these vibrational analysedV@ller—Plesset perturbation theory (MP2), have been put
and the accumulated force constants have been compiled as #rward as post-HF methods. The MP2-based SQM method was
databas&3 Although the vibrational analyses using empirical actually applied to polyenes, resulting in more satisfactory results
force fields have been successful in many cdsesumber of  than with the HF-based SQM meth&uThe post-HF methods
substantial difficulties have been often encountéréd. are, however, applicable only to relatively small molecules, as
The difficulties with the empirical force fields were overcome these methods require more CPU time and more memory
by the introduction of ab initio quantum mechanical method of resources than the HF method.
calculations$® The theoretical development of the gradient  The evolution of density functional theory (DFT)which
techniques for obtaining the derivatives of the molecular includes electron correlation in an alternative way, has afforded
energie&’!and the rapid progress in computer facilities have opportunities of performing vibrational analysis of moderately
enabled us to perform a priori quantum mechanical calculations large molecules as a cost-effective procedure in the 1490s.
of force fields for relatively large molecules. The wavenumbers  Systematic comparison of the results from various DFT theories
calculated ab initio by the Hartred=ock (HF) method were,  with the results of experiments and the molecular orbital theories

however, consistently higher than the experimental wavenum- has been conducted by Rauhut and Pé¥cott and Rador?
bers of fundamentals by about 10% because of the neglect ofgaker et al2! and Yoshida et &2 The comparison in these

electron correlation and anharmonicity effects. To solve these stydies has shown that the methods using Becke'’s three-
problems, the scaled quantum mechanical (SQM) method wasparameter hybrid functional (B%)with correlation functionals

proposed by Pulay et &:'In this method, the force constants  s;ch as the one proposed by Lee, Yang, and Parr (g
of similar chemical fragments share the same scale factor. Theine most promising in providing correct vibrational wavenum-

values of scale factors are optimized by minimizing the weighted pes Although all of these studies have shown the excellence
mean-square deviations of the calculated wavenumbers fromq the B3 functional, the scaling procedures for the calculated
p . “. ) . wavenumbers were different in these studies. Scott and R4dom
Part of the special issue “Mitsuo Tasumi Festschrift.
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TABLE 1: The 164 Compounds Used in the Calculatiof
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TABLE 2: The 224 Diatomic Molecules and lons Used in
the Calculation?

KrF, 14NOZ 15N02 1603 1803
H.,%0 S0, SCh GeCh 1OMUNF Al, ABr AICl AIF AH AD AO AIS
BONF  1BOMNF  18O'NF 160M“NCI 160NCI AlSe As AsCl  AsF AsN AsO AsO AsP
BOMNCI  'ONCI  OMNBr  'SO“NBr 180'NBr AsS AsS AsSe B BBr BClI BF BH
HOF HOCI DOCI NSF NSCI BD BN  BO BS BeBr BeCl BeF BeH
19BF; UBF; SO NT, *NFs BeD BeT BeH BeD" BeO BeS By  Br"
AlCls  Ask transNoF, ~ F¥NO; FENO, BICIl BrF BrO G C, CCl CCF CF
CI'NO,  CI™NO,  CIF BrFs H20, CH CD CH CN CN CO CO CP
H:S, RS HNs DN, NFH CS CSe Ca CaBr CaCl CaF CaH CaO
NCIF;  NCLF  SOR SOCE SO8k Cas C C,' CF CO CoD CrH CrO
Ticl, TiBry NSK SiHFR SIDF, CrS Cu CuBr CuCl CuF CuGa CuH CuD
SiHCl,  SIDCl,  SiHBr, PO POCk Cu0 CuS CuSe £ F' FO FeCl GaBr
POBH PSR PSC} 5CIO5F VOCl GaCl GaF GaH GaO GeBr GeCl GeF GeH
MnOF  GetF — GeQF — GeHCl GeDCl GeD GeO GeS GeSe ;H HD HT D
GeHBr  GeDBr  GeHCk GeHBr SOF, - 2 2 2 .
SOClL  SiHClL  SDClhL  SiHBr SeQF, br T,  H Tz HBr  DBr  TBr  HBr
+ + +

H14NO3 DlANO3 H15NO3 DISNO3 FOMNOZ DBr HCJr DCJr TCI HCI DCI HF DF
FO®NO, CIO“NO, CIO™NO, POCHF POBEF TF HF"  DF" K, KBr  KCI KF  KH
PSCIR PSCHF PR PCLF, PCk K_D Li, LiBr LiCl LiF LiH LiD LiNa
VFs AsFs SCIR, GeHGeht GeD,GeD; Lio Mg. MgBr MgCl MgF MgH MgD MgH*
FCN COR COCh COB, SCh MgD* MgO MgS MnBr MnF  MnH MnD MnO
CSCh HNCO DNCO COCIF COBrClI \P} Nz* NBr NCI NF NH ND NO
CSBrCl CDR CCIFR; CBrk; CCLF NO™ NO~ NS NS~ NSe Na NaBr NacCl
CBrF CCLF,  CBrF, CBICLF CBrLCIF NaF NaH NaK NH ND Q ot Oy
WBH,CO 19BD,CO MBH,CO  MBD,CO CH:SiH; OH OD OH OoD* P, Pt  PF PE
CHsSiD; CH.GeHy CDsGeHs  CoNj CCl, PH PD PN PO PO PS PS S
C.Br C.BrCI CRCN transCHFCHF  transCHFCDF S, SH SD SO ScCl  ScF ScS se
transCD- C;H,0, C,HDO; C.D,0, CH;COF Se~ SeBr SeO SeS SeS Si SiBr  SiBr*
CDF(CJ:ODIE CHZNCH; CD3:ZnCD;  transCH3;NNCHj; trans:CD;NNCD: sicl SiF SiH SiD SiH SN SIo SIS

3 '3 3 3 3 3 i +
C0 oS iyt BICCEN CHCGHCI SiSe ZnBr ZnCl ZnF ZnH ZnD ZnH ZnD
CH,CCHBr CRCCH CRCCD  CRCCCI CRCCBr aTaken from ref 34.
CHCCHF CHCCHCI CHCCHBr CICCCCH BrCCCCH

solid, or liquid phase), D (615 cnt?, gas, solid, or liquid
phase), and E (3530 cnt?, estimated or calculated). We
excluded 48 compounds that contain elements in the fifth or
higher periods from the present analysis. The compounds used
in the previous calculatio”$ were taken fromTables of
Molecular Vibrational Frequencies, Consolidated Volun?@ |

CiHgO;  (HCC)CO NCCCCCCN CHEC0)s

aTaken from ref 33.

another approach called the wavenumber-linear scaling (WLS)
method, which is based on the linear relationship between the

scale factor and the wbr:;monal wavenumbgrs: Since these 205 compounds were not explicitly shown in the
In our previous work? we performed normal wbrayon previous pape® they are given in Table 1S (Supporting

calculations by the DFT method on 205 basic organic and Information).

inorganic compounds that contain elements from the fourth or 4 study the effect of anharmonicity on the observed

lower periods of the periodic table. Through the systematic yayenumbers and accordingly on the linear relationship between

calculations, we obtained a single linear relationship between i,q scale factor and the wavenumbers. we have calculated the

the scale factor and the calculated wavenumbers for a total of\, 5 enumbers of 224 diatomic molecules and ions. for which

1729 normal modes of the 205 compounds, for which the the harmonic wavenumbers are known, taken from Herzberg’s
vibrational assignments had been establisiidthe aim of the Constants of Diatomic Molecul® Out of more than 900
presentzstudy is to confirm the performance of the WLS giatomic species listed in the literatdaye excluded the species
method? on additional 164 basic organic and inorganic {hat contain elements from the fifth or higher periods or the
compounds and to examine the effect of anharmonicity on the y5e gas elements and those for which the experimental harmonic

observed wavenumbers by performing systematic normal vibra- yayenumbers and the anharmonicity constants are not given.
tion calculations on 224 diatomic molecules and ions. We also The 224 diatomic molecules and ions used in the present

propose in this work a simpler and thereby more practical WLS analysis are listed in Table 2.

method, using the well-calibrated and well-assigned observed jethod. Normal vibration calculations in this work were
wavenumbers of liquid indene, and apply this method to a linear -5rried out by the B3LYP method of DFT using Becke’s three-
polyene all-trans-1,3,5,7,9-decapentaene, whose force field has parameter hybrid functional combined with the Eeéang—
been argued about for a long tirfre’.25-32 Parr correlation functional. The basis set 6-3G** was used

for the calculations on the 164 basic polyatomic molecules and
the 224 diatomic molecules and ions, and the basis sets
6-311+G** and 6-31G* were used for the calculations on
indene anall-trans-1,3,5,7,9-decapentaene. The computations
were performed with the GAUSSIAN 98 programThe input
data for the GAUSSIAN 98 program were prepared by using
the graphical molecular modeling program MOLDA for Win-
dows36

Calculations

Compounds. As a continuation of the systematic normal
vibration calculationg? we have carried out in this work the
calculations on 164 basic organic and inorganic compounds
including their isotopic species. These compounds, listed in
Table 1, were taken fronTables of Molecular Vibrational
Frequencies, Consolidated Volumeédwhere the experimental
wavenumbers of infrared and Raman bands for 212 basic
compounds are critically evaluated and ranked according to their
experimental accuracy with A (uncertainty-0 cnm 1, observed
in the gas phase), B 43 cnr'!, gas phase), C (36 cnT'l, gas,

Results and Discussion

Wavenumber-Linear Scaling (WLS) Method. In our previ-
ous work?2 we have calculated the wavenumbers of normal
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Figure 1. Ratios of the observed wavenumbers to the unscaled
calculated wavenumbers,,dvea, for 2157 normal modes of 205
compounds taken from ref 27, plotted against the unscaled calculated
wavenumbers. The calculated wavenumbers are those by the B3LYP/
6-311G** method. Some of the band assignments have been corrected
(see text).
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Figure 2. Correlation between the WLS-scaled calculated wavenum-
bers,ywis, and the observed wavenumbersg, for 1223 normal modes
of 164 compounds taken from ref 33. The calculated wavenumbers

modes for 205 organic and inorganic compodidsy the
are those by the B3LYP/6-3#1G** method.

B3LYP/6-31H-G** method and have correlated the unscaled
calculated wavenumbeng,, with 1729 observed wavenumbers
of fundamentals,vops With ranks A-C. The relationship
obtained by a single least-squares fitting, after omitting 28
normal modes that gave deviations1@fdvcac by more than
10%, ig?2

VopdVearc= 1.0087(9)— 0.0000163(6).

Performance of the WLS Method for Additional Com-
pounds. To confirm the performance of the WLS method, we
carried out normal vibration calculations on additional 164 basic
organic and inorganic compounds available Tables of
Molecular Vibrational Frequencies, Consolidated Volumé3ll
The wavenumbers calculated by the B3LYP/6-8G* method
were scaled by the WLS method using eq 1. The calculated
wherevops andvegc are given in cm?, and the errors, given in  results and the observed data are given in Table 2S (Supporting
parentheses, apply to the last significant figure. The naig Information).
vealc IN €Q 1 is denoted as the wavenumber scale factor to be The correlation between the WLS-scaled calculated wave-
applied to the B3LYP/6-31tG** calculation. numbersyws, and the observed wavenumbers,s with ranks

We found previously that the ratiogpdvcac for several A—D of 1223 normal modes for the 164 compounds is shown
normal modes deviate greatly from the linear relationship given in Figure 2. As seen in this figure, the WLS-scaled calculated
by eq 122 Some of these deviations were reasonably ascribed wavenumbers agree excellently with the observed wavenumbers.
to improper assignments of the observed bands in the literdture. The average deviation ofy_s from v i.€., the average value
After revising these assignments and the additional ones to beof |vwis — vond/vobsfor all of the 1223 normal modes is 3.4%.
mentioned below, we have plotted in Figure 1 the ratigg/ The great majority of the normal modes, namely, 93% of the
vealc for the 1729 normal modes with wavenumber-accuracy total, give deviations less than 10%, and 77% of the total give
ranks A-C, plus the ratios for 428 normal modes with rank D. deviations less than 5%. The deviations larger than 15% are
The revisions of the band assignments we have made on thefound for 24 normal modes of 18 compounds: £IF:S,,
basis of our calculations are described below. 35CIOsF, SeQF,, PCE, SCIRs, GeD;GeDs, CSCh, C,Cl,, CDs

The improper assignments of the bands for cyclobutane andZnCD;s, transCH3NNCHs, transCD3NNCDs, C30,, C3Sp,
methylamine have been discussed previog&iy addition to CICCCN, CICCCCH, BrCCCCH, and NCCCCCCN. These
these, obvious misassignments were found for acetaldehyde andompounds mostly contain a number of halogen atoms or have
acetic acid. The experimental wavenumbers for thes Qi linear molecular structures. The large deviations of wavenum-
CD3) rocking mode (& species) of three isotopic species of bers for halogen-containing compounds have been found in the

1)

acetaldehyde, C¥£HO, CH;,CDO, and CRCDO, are listed as
867, 802, and 573 cm, respectively, in the literaturd. The

previous calculation® Theoretical development to solve this
problem is necessary to obtain more reliable results on these

calculations gave, however, considerably higher wavenumberscompounds, although several attempts have already beerffnade.

1132, 1064, and 968 cm (1121, 1055, and 961 crh after

The present calculations have also revealed the difficulty of

scaling with eq 1) for these isotopic species. These vibrations vibrational analysis of linear molecules. The large deviations
have already been reassigned to the bands at 1107, 1043, andf wavenumbers for these molecules are due most probably to
948 cntl, respectively)’ in agreement with the calculated the coupling between the bending vibration and the molecular
wavenumbers. For acetic acid, the experimental wavenumbersrotation. Another remark we should make here is that, in our

for the CCO deformation mode'(gpecies) of CHICOOH and
CH3COOD are listed as 581 and 543 chrespectively?’ The
calculations gave much lower wavenumbers 424 and 417 cm
(425 and 418 cmt after scaling with eq 1) for these isotopic
species. In a matrix-isolation infrared stuthnew assignments

calculation on @0,, we assumed a quasi-linear structure with
C,, symmetry? instead of a linear structure as described in the
literature33

The present results of normal vibration calculations on 164
compounds, together with the previous restdthiave thus

of these vibrations have in fact been proposed to the bands atensured the high performance of the WLS method in vibrational
428 and 418 cmt, respectively, in excellent agreement with analysis of a variety of compounds. The important point is that,
the calculated results. although the WLS method employs essentially only one
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and ions taken from ref 34, plotted against the unscaled calculated ,,
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method. For more practical applications of the WLS method to
vibrational analysis of organic compounds in particular, we
propose to use the well-calibrated and well-assigned observed
wavenumbers of liquid indene, instead of using a great number
of observed wavenumbers for diverse compounds, to obtain the
scale factors for different calculation methods. Indene was
chosen for this purpose because it is one of the most typical
organic compounds that give many prominent Raman and
infrared bands and that the high-quality spectra for spectrometer
calibration are available. This method of wavenumber scaling
or “calibration” using the indene wavenumbers will be called
the WLS indene calibration (WLS/IC) method.

We used for the WLS/IC method the wavenumbers of the
most prominent bands of liquid indene obtained from the high-
quality Raman spectra of Klotd.Using 20 selected fundamen-
tals ranging from 3111 to 382 cth (v, v4, v7, Vs, Vo, V16, Vis:

22, V23, V25, V27, V28, V29, V30, V36, V38, V40, Va1, Va2, aNdvsa), the

wavenumbers. The calculated wavenumbers are those by the BsLYplwavenumbers calculated by the B3LYP/6-313* and B3LYP/

6-311+G** method.

6-31G* methods were correlated with the observed wavenum-

parameter to scale wavenumbers in the whole region, it bers by a respective single least-squares fitting, where we
reproduces the experimental wavenumbers excellently exceptassumed that the ratigpdvearcis extrapolated to exactly 1.0 at

those for peculiar types of compounds.
Effect of Anharmonicity. The effect of anharmonicity on

zero wavenumber because the effect of anharmonicity is
negligible at this point. The relationships obtained from the 20

the observed wavenumbers was examined on the basis of thdundamentals (calibration A) are

calculated wavenumbers for diatomic molecules and ions in
comparison with their experimental harmonic wavenumbers. The

observed wavenumber of a fundamental for the vibrational
transition betweemw = 0 andv = 1 for a diatomic molecule is
expressed 4%

Vops = We — 20K T ... (2)

where we is the harmonic wavenumber andexe is the

VopdVeaic = 1.0—0.00001356,,. 3)
for the B3LYP/6-313#-G** method and
Vopd Veale = 1.0-0.00001692, 4)

for the B3LYP/6-31G* method.
The wavenumbers of indene calculated by the B3LYP/6-

anharmonicity constant. If the unscaled calculated wavenumber,3114+-G** and B3LYP/6-31G* methods and scaled by the WLS/

Vealo IS really the harmonic wavenumber, the ratigv,c should
be unity. In this work, we calculated the vibrational wavenum-

IC method {wis/c) using egs 3 and 4, respectively (calibration
A), are given in Table 3, where the observed wavenumbers

bers for 224 diatomic molecules and ions available in Herzberg's (v,,9, the unscaled calculated wavenumbers,d, and the

Constants of Diatomic Moleculé$The experimental harmonic
wavenumbersde), the unscaled calculated wavenumbersd,
and their ratios are given in Table 3S (Supporting Information).

wavenumbers calculated by the B3LYP/6-313** method and
scaled by eq 1yu.s) are also given. The good agreement
betweenvw sic andvw s calculated by the B3LYP/6-3HG**

The ratioswd/vcalc for these diatomic species are plotted against method indicates that the scaling using only a single compound
the unscaled calculated wavenumbers in Figure 3. The resultsof indene suffices for general vibrational analysis. The results
show that the ratios are actually 1.0 with deviations less than in Table 3 show, however, that the deviationsvaf s;c from
+0.1 for 92% of the diatomic species examined. The molecules vqps in the wavenumber region higher than 2800 ¢énare

and ions that show the deviations larger thed.1 are AsSe,
BN, BrO, Ca, Cw, H,™, To™, Mgy, P*, S, ScCl, ScS, Se§
SiH*, ZnBr, ZnCl, and ZnF. It may be stated that converged
wavenumber values were not obtained for FeF, MnsS, ScO,
TiO, and VO.

appreciably larger than those in the region below 1700dm
both the B3LYP/6-31+G** and B3LYP/6-31G* methods.

For practical purposes of applying vibrational analysis to
structural chemistry of organic compounds, the vibrations in
the fingerprint region are particularly important. To obtain the

The results obtained for diatomic molecules and ions dem- scale factors that reproduce the observed wavenumbers in the
onstrate that the wavenumbers calculated by the DFT methodfingerprint region accurately, the relationship between the
can be represented as harmonic wavenumbers and that th@bserved and calculated wavenumbers was obtained from 17
decrease of the ratiogudvcac With increasing wavenumber as  fundamentals of indene in the region below 1610 &ifvs, vo,
noted for polyatomic molecules (see Figure 1) is attributed vig, v1g, Vo2, V23, V25, V27, V28, V20, V30, V36, V38, Va0, Va1, Vaz, and
almost exclusively to the neglect of anharmonicity in the w,3) (calibration B). The relationships obtained are
calculated wavenumbers. The wavenumber-linear scale factor

is thus substantially a correction for anharmonicity, and hence VopdVeae = 1.0-0.00001838 (5)
the proposed scaling procedure of the WLS method is theoreti-
cally validated. A relation between the scale factor and for the B3LYP/6-314%G** method and
anharmonicity has been discussed previously by Kudoh%t al.
Calibration of the Calculated Wavenumbers by the VopdVeaic = 1.0-0.00002520, (6)

Raman Spectrum of Indene Although the WLS method using

a simple relationship predicts the observed wavenumbers withfor the B3LYP/6-31G* method.

high accuracy, the wavenumber scale factors, such as eq 1, are The calculated wavenumbers of indene after scaling by the
applicable only to the results obtained by the same calculation WLS/IC method {wisc) using the 17 fundamentals (calibration
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TABLE 3: Observed and Calculated Wavenumbers (cm?) of Indene

B3LYP/6-31H-G** B3LYP/6-31G*
calibration A& calibration B calibration A& calibration B
sym  mode Vobs Vealed vwis®  vwsid dew vywesnch dew Vealed Ywisic dew ywisid dew

d v, 311¥ 31893 30513 30514 —1.92 (3002.4) 3.49) 32111 3036.7 —2.39 (2951.3) <{b5.13)
vs 3054  3173.8 3037.2 3037.2 —055 (2988.7) {2.14) 3192.2 3019.8 —1.12 (2935.4) {3.88)
v 2891.5 30157 2893.7 28924  0.03 (2848.5) —149) 3030.6 28752 —0.56 (2799.2) {3.19)
ve 1609.6  1647.4 16175 16106  0.06 1597.5 —0.75 16665 16195 061 15965 —0.81
Ve 1587.9 16314 16022 15953 047 1582.5 —0.34  1654.3 1608.0 127 15853 —0.16
vie  1287.8 13142 1297.4 1290.7 023  1282.4 —0.42  1327.4 12976  0.76  1283.0 —0.37
vis 12051 12262 12124 12059  0.06 1198.6 —0.54  1240.0 12140  0.74 12013 —0.32
v,  1067.8  1088.3 10785 10723  0.42 1066.6 —0.12 10952 10749  0.67 10650 —0.26

V23 1018.9 1040.7 1032.1 1026.0 0.70 1020.8 0.19 1051.0 1032.3 131 1023.1 0.42

Va5 861.5 872.8 868.0 862.5 0.11 858.8 —0.31 877.0 864.0 0.29 857.6 —0.45

Va7 730.6 743.9 741.4 736.4 0.80 733.7 0.43 744.1 734.7 0.56 730.1-0.07

Vag 592.2 604.5 603.8 599.6 1.24 597.8 0.95 603.2 597.0 0.81 594.0 0.30

V29 534.4 541.6 541.5 537.6 0.60 536.2 0.34 542.9 537.9 0.66 535.5 0.21

V30 381.9 387.9 388.8 385.9 1.04 385.2 0.85 387.5 385.0 0.80 383.7 0.47
a’' V36 915.5 937.6 931.5 925.7 1.12 921.5 0.65 932.3 917.6 0.23 910.4-0.56

V3g 768.4 783.6 780.4 775.3 0.89 772.3 0.51 790.4 779.8 1.49 774.7 0.82

V40 695 705.9 703.9 699.1 0.59 696.7 0.25 710.4 701.9 0.99 697.7 0.39

Va1 551.5 562.4 562.2 558.1 1.20 556.6 0.92 564.1 558.8 131 556.1 0.84

Va2 420.5 425.5 426.2 423.0 0.60 422.2 0.40 431.3 428.2 1.82 426.6 1.46

V43 393.2 395.4 396.3 393.3 0.02 3925 —-0.17 398.1 395.5 0.57 394.1 0.24

a L east-squares fitting using 20 selected observed wavenumbers, (v, vs, Ve, V16, Vis, V22, V23, V25, Va7, V28, V29, V30, V36, V38, Va0, Va1, Va2, and
v43) Of liquid indene.” Least-squares fitting using 17 selected observed wavenumbgrs, (vie, vis, V22, V23, V25, Va7, Vs, V29, V30, V36, V38, V40, Val,
Va2, andv,z) of liquid indene.© Raman wavenumbers of indene in the liquid ph&sé.Unscaled calculated wavenumbetScaled by the WLS
method using eq I.Scaled by the WLS/IC method using eq9Deviations in % of the scaled calculated wavenumbers from the observed
wavenumbers? Scaled by the WLS/IC method using eq' Scaled by the WLS/IC method using eq &caled by the WLS/IC method using eq
6. “Not used for a least-squares fitting for calibration B.

B) are given in Table 3 for the B3LYP/6-331G** and B3LYP/ B3LYP/6-31G* (WLS/IC) calculations, on the other hand, gave

6-31G* methods. Overall agreement betwegns;c andvops the scaled wavenumbers for thg and v4; modes in good

for the 17 fundamentals is good with a mean error of 0.48% agreement with the observed values. It should be remarked that,

for both calculation methods. The results of the present while the MP2/6-31G* (SQM) calculation used 11 empirical

calculations thus indicate that the WLS/IC method proposed in parameters for scalintf,the present WLS/IC method uses only

this study is applicable to most of common organic compounds. one empirical parameter (egs 5 and 6). The present exemplified

To confirm this, we applied the WLS/IC method to a linear calculations orall-trans-1,3,5,7,9-decapentaene have demon-

polyene as described below. strated that the WLS/IC method is a convenient technique to
Vibrational Analysis of all-trans-1,3,5,7,9-Decapentaene by  obtain vibrational wavenumbers of large molecules with high

the WLS/IC Method. Linear polyenes {CH=CH-), have accuracy.

attracted much attention of spectroscopists and theoretical

chemists for many years because of their importance as thecgnclusions

simplest model compounds that contain conjugatedectron

systems and as models of polyacetylene which shows high The vibrational analysis by DFT using the WLS method gave

electric conductivity upon dopintf. Polyenes are also the satisfactory results on 164 organic and inorganic compounds,

models of biological pigments such as retinoids and carotenoids.in addition to 205 compounds examined in the previous work.

Vibrational analysis of linear polyenes is a prototypical example It should be emphasized that, although the WLS method

for examining the performance of quantum mechanical calcula- employs essentially only one parameter to scale wavenumbers

tions, because the force constants of conjugateelectron in the whole region, it reproduces the experimental wavenum-
systems were difficult to estimate empiricafly’ bers excellently except the wavenumbers for peculiar types of

In this work, we performed vibrational analysis of a polyene, compounds such as those that contain a number of halogen
all-trans-1,3,5,7,9-decapentaene [&HCH(—CH=CH);—CH= atoms and those with linear molecular structures. The larger

CHpg], by the B3LYP/6-31#G** and B3LYP/6-31G* methods. positive deviations of the unscaled calculated wavenumbers from
The calculated wavenumbers were scaled by the WLS/IC the observed values at higher wavenumbers are attributed almost
method using eq 5 for B3LYP/6-3#1G** and eq 6 for B3LYP/ exclusively to the neglect of anharmonicity in the calculated
6-31G* (calibration B). The observed wavenumbers and the wavenumbers. The wavenumber-linear scale factor is thus
scaled calculated wavenumbers are given in Table 4, where thesubstantially a correction for anharmonicity. The satisfactory
previous resulf§ calculated by the HF/6-31G* and MP2/6-31G*  results obtained for a total of 369 compounds encourage us to
methods and scaled by the SQM method are also given. generalize and simplify the WLS method for more convenient
As seen in Table 4, the calculated results by the four methodsuse. The wavenumber-linear scale factors were then derived
agree satisfactorily with the observed data, except for the from only 17 well-defined wavenumbers of liquid indene at
wavenumbers of the €C stretching modes calculated by the different calculation levels. The application of the derived scale
HF method. The HF/6-31G* calculation (SQM) gave thdag) factors to vibrational analysis afl-trans-1,3,5,7,9-decapentaene
and v47 (b,) wavenumbers 45 and 18 cihigher than the yielded results in close agreement with the experimental data.
observed wavenumbers, 1593 and 1626%mespectively. The These results demonstrate that the WLS indene calibration
MP2/6-31G* (SQM), B3LYP/6-311+G** (WLS/IC), and (WLS/IC) method, which is more general and simpler than
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TABLE 4: Observed and Calculated Wavenumbers (cm1) compounds listed in Table 1. Table 3S: the experimental
of all-trans-1,3,5,7,9-Decapentaene harmonic wavenumbers, unscaled calculated wavenumbers, and
vsoM®  vsow Vwisic® ywisic their ratios for 224 diatomic molecules and ions. This material
HF/ MP2/ B3LYP/ B3LYP/ i i i -
sym  mode ved o &9 Ao & An o) 3L & is available free of charge via the Internet at http://pubs.acs.org.
vg 1593 1638 1593 1591 1572
Vg 1543 1543 1558 1540 (1) Shimanouchi, T. IrPhysical Chemistry: An Aénced Treatise
V10 1409 1416 1408 1408 1393 Eyring, H., Henderson, D., Jost, W., Eds.; Academic Press: New York,
vin 1292 1299 1296 1300 1288 1970; Vol. IV, pp 233-306.
v 1284 1288 1294 1288 1276 (2) Shimanouchi, T.; Matsuura, H.; Ogawa, Y.; Harada).|Phys
V13 1282 1283 1284 1272 Chem Ref Data 1978 7, 1323-1443.
V14 1248 1248 1255 1244 (3) Shimanouchi, T.; Matsuura, H.; Ogawa, Y.; Harada).|Phys
V15 1177 1180 1179 1178 1168 Chem Ref Data 198Q 9, 1149-1254.
vie 1121 1104 1113 1125 1116 (4) Matsuura, H.; Tasumi, M. liVibrational Spectra and Structure
V17 947 946 945 946 939 DUI’I(gS,)J_.rRk., Edh, EI_:SEEIeerAmSteYI'daIT, ]_383,I Vglh-lzl; pp—ﬁ‘]?_l?é:h
v 7 4 akeuchi, H.; Furukawa, Y.; Harada, I.; Shirakawa, em
o e o o o o Phys 1986 84, 2882-2890.
Voo 267 270 277 277 (6) Tasumi, M.J. Chem Phys 1986 85, 1706-1707.
Vor 160 152 149 150 150 (7) Takeuchi, H.; Harada, . Chem Phys 1986 85, 1707-1708.
a Vo 1010 1022 1020 1029 1021 (8) Schlegel, H. B.; Wolfe, S.; Bernardi, B. Chem Phys 1975 63,
vis 972 984 978 987 980 3632-3638.
” 918 929 922 922 916 (9) Blom, C. E.; Altona, CMol. Phys 1976 31, 1377-1391.
V24 899 900 894 906 901 (10) Pulay, PMol. Phys 1969 17, 197—204.
% 863 865 852 881 876 (11) Pople, J. A;; Krishnan, R.; Schlegel, H. B.; Binkley, J.Ii8. J.
Vas Quantum Chem Quantum ChemSymp 1979 13, 225-241.
var 651 640 642 658 655 (12) The term “frequency” has been customarily used in the field of
Va8 379 374 389 388 vibrational spectroscopy to indicate the quantity actually given in units of
V29 189 190 196 196 cm~! rather than Hz. We use, in this paper, the appropriate terminology of
V30 133 133 134 134 “wavenumber” for this quantity, following S| usage recommended by
V31 39 40 40 40 JUPAC.
by  v: 1009 1005 1017 1009 (13) Pulay, P.; Fogarasi, G.; Pongor, G.; Boggs, J. E.; Varghal, A.
V33 954 947 951 945 Am Chem Soc 1983 105 7037-7047.
V34 900 901 894 911 905 (14) Fogarasi, G.; Pulay, Annu Rev. Phys Chem 1984 35, 191—
V35 886 890 867 902 896 213.
V36 820 822 841 836 (15) Yoshida, H.; Tasumi, MJ. Chem Phys 1988 89, 2803-2809.
V37 626 631 643 640 (16) Hirata, S.; Yoshida, H.; Torii, H.; Tasumi, M. Chem Phys 1995
V38 281 280 292 292 103 8955-8963.
V39 237 236 249 248 (17) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
V40 103 105 106 106 Molecules Oxford: New York, 1989.
by ve7 1626 1644 1627 1630 1611 (18) Johnson, B. G.; Gill, P. M. W.; Pople, J. A.Chem Phys 1993
vsg 1595 1586 1586 1598 1580 98, 5612-5626.
Vag 1417 1434 1422 1421 1407 (19) Rauhut, G.; Pulay, R. Phys Chem 1995 99, 3093-3100.
V50 1320 1308 1309 1320 1307 (20) Scaott, A. P.; Radom, L1. Phys Chem 1996 100, 16502-16513.
V51 1285 1289 1294 1282 (21) Baker, J.; Jarzecki, A. A.; Pulay, P.Phys Chem A 1998 102
vsp, 1279 1285 1282 1279 1267 1412-1424.
Vs3 1216 1209 1211 1218 1207 (22) Yoshida, H.; Ehara, A.; Matsuura, Bhem Phys Lett 2000 325
vss 1153 1136 1141 1160 1150 477-483.
Vss 1142 1113 1132 1146 1137 (23) Becke, A. D.J. Chem Phys 1993 98, 5648-5652.
Vss 945 950 947 945 938 (24) Lee, C.; Yang, W.; Parr, R. ®hys Rev. B 1988 37, 785-789.
ey 549 549 546 544 (25) Ohno, K.; Fukuda, M.; Yoshida, H.; Tamaoki, H.; MatsuuraJH.
Vg 278 274 274 273 (26) Kudoh, S.; Takayanagi, M.; Nakata, l@hem Phys Lett 200Q
Voo 58 57 57 57 322 363-370.

(27) Shimanouchi, TTables of Molecular Vibrational Frequencies
aWavenumbers higher than 1700 chare not given in this table. Consolidated Volume National Bureau of Standards: Washington, D.C.,
b Ref 16.¢ Calculated by the HF/6-31G* method and scaled by the SQM 1972 _ , _
method® ¢ Calculated by the MP2/6-31G* method and scaled by the _ (28) Inagaki, F.; Tasumi, M.; Miyazawa, J. Raman Spectrost975
SQM method ©Calculated by the B3LYP/6-3G** method and ?235)” ?:t?hkawa v Takeuchi. H. Harada. |- Tasumi. BulL Chem
scaled by the WLS/IC method using eqf &alculated by the B3LYP/ Soc Jpn 1983 56 392-399 e B ’ ’
-31G* method and scaled by the WLS/IC method using eq 6 pr ' -y
6-31G* me : (30) Saito, S.; Tasumi, MJ. Raman Spectrosd983 14, 236-245.
(31) Saito, S.; Tasumi, MJ. Raman Spectrosd 983 14, 310-321.
others, is a promising technique for performing vibrational 27822)9g05hida, H.; Furukawa, Y.; Tasumi, M. Mol. Struct 1989 194,
analysis of large molecules with high accuracy. (33) éhimanouchi, TJ. Phys Chem Ref Data 1977, 6, 993-1102
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