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Geometric and vibrational spectroscopic data (rotational constants, bond distances and angles, vibrational
frequencies, IR intensities, and OH/OD isotope effects) of phenol, benzaldehyde, and salicylaldehyde as
calculated at various levels of theory (HF/6-31G(d,p), HF/6-316G(d,p), MP2/6-31G(d,p), B3P86/6-31G-

(d,p), BLYP/6-31G(d,p), B3LYP/6-31G(d,p), and B3LYP/6-31£G(d,p)) are reported. The theoretical results

are discussed mainly in terms of comparisons with available experimental data. For geometric data (rotational
constants and bond distances) the best agreement between theory and experiment is obtained at the MP2 and
B3LYP levels. B3P86 calculated data are slightly worse, while HF and BLYP calculations yield distinctly
too small and too large bond distances, respectively. B3LYP calculated vibrational spectroscopic data
excellently agree with experimental IR spectra for phenol, phenol-OD, and benzaldehyde, and with minor
restrictions, also for salicylaldehyde and salicylaldehyde-OD. Considering frequency sequences, IR intensities,
and OH/OD isotope effects, reliable and consistent assignments are given. BLYP and B3P86 calculated
vibrational spectroscopic data are slightly worse, whereas MP2 and HF calculations suffer from several
shortcomings that are already known from calculations of smaller molecules, such as benzene.

Introduction al.2! have given assignments in terms of “benzene-like” vibra-
tions. From a closer inspection, some obvious differences
Recently, we have reported spectroscopic and theoretical datspetween Evans’ and Bist's work become apparent, and both
relevant to the characterization of intramolecular hydrogen assignments seem to be partly arbitrary. Concerning quantum
bonding in a series of 2-hydroxybenzoyl compouhésThese  chemical vibrational data of phenol, to our knowledge the most
studies have shown that the experimentally observed sequenceelevant calculations seem to be those of Scktial® performed
of v(OH) stretching frequencies, which can be directly related at the HF/6-31&* level and, most recently, those of Michalska
to the sequence of hydrogen bond strengths, is reasonably welkt |14 performed at the MP2/6-31G** and BLYP/6-31G**
reproduced by quantum chemical calculations at moderatelevels. In both instances, the authors have made assignments
computational levels, such as HF/6-31(d,p) or B3LYP/6-31- bhased on a comparison between Bist’s benzene-like vibrations
(d,p). On the basis of hydrogen bond distances and partial and the calculated normal coordinates. As to benzaldehyde and
charges, the calculations provided a consistent interpretation ofsalicylaldehyde, basic IR and Raman spectra are well-known
this sequence. Within the course of these investigations, we and covered in several spectral compilati&rend more detailed
have performed some more extensive calculations on salicyl- experimental or theoretical studies on the vibrational spectra
aldehyde, which is the smallest member of the family, and of these two compounds are, however, not available in the
additionally, also on the two parent compounds, phenol and |iterature23-25
benzaldehyde. The main purpose of these studies was to gain |n the present paper, we report calculated geometric and
more detailed insight into methodological effects, i.e., into vibrational spectroscopic data of phenol, benzaldehyde, and
systematic differences between data obtained at differentsajicylaldehyde, along with corresponding experimental data as
computational levels, with specific regard to the correspondencefar as available. The calculations include ab initio (HF and
between calculation and experiment. MP2) methods, as well as density functional theory methods
Molecular geometries of the three title compounds have been (B3P86, BLYP, and B3LYP) using 6-31G(d,p) and 6-311G-
determined experimentally by microwave spectroscopy,  (d,p) basis sets. The data are presented and inspected in terms
rotationally resolved fluorescence spectroscbpyd electron of (i) comparisons between experimental and calculated data,
diffraction.”# Optimized geometries have been calculated at (ji) comparisons between theoretical data calculated at different
various computational levels for pherfol* benzaldehyd@}>1° approximation levels, and (iii) comparisons between corre-
and salicylaldehyd@!”18 IR and Raman spectra of phenol have sponding data of the three title compounds. In some instances,
been experimentally studied to some detail in earlier works. reference is also made to corresponding data of benzene, which
Based on symmetry considerations, EV8has made extensive  might be termed the “parenparent” compound. First, we
assignments for fundamentals and also for overtones andpriefly consider rotational constants, which may serve as a first
combinational bands. Following earlier considerations about check for the relevance of calculated equilibrium geometries.
the normal coordinates of monosubstituted benzéhBsst et Second, bond distances are inspected with respect to systematic
differences between different approximation levels and with
* Author to whom correspondence should be addressed. Tel.: 43 1 3367 respect to obvious differences between the three title compounds.
2209. Fax: 43 1 31367 2280. E-mail: Werner.Mikenda@univie.ac.at.  Third, and above all, we deal with vibrational spectroscopic
Institute of Organic Chemistry. . . . .
# Institute of Theoretical Chemistry. data. Based on vibrational frequency sequences, intensity
@ Abstract published irAdvance ACS Abstract&ebruary 1, 1997. patterns, and OH/OD isotope effects obtained from B3LYP
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TABLE 1: Experimental and Calculated Rotational Constants (MHz)
expth B3LYP(Il)  B3LYP()  BLYP()  B3P86()  MP2()) HF() HF(I1)

benzene A=B=2C 5689.3 5703.7 5691.0 5609.5 5715.0 5693.3 5777.7 5775.8
phenol A 5650.5 5667.2 5650.4 5563.7 5676.9 5650.6 5750.0 5752.6
B 2619.2 2618.0 2614.1 2573.7 2630.0 2614.6 2659.1 2660.0
C 1789.9 1790.8 1787.3 1759.7 1797.3 1787.5 1818.3 1818.9
benzaldehyde A 5234.3 5253.9 5231.1 5134.3 5251.1 5228.3 5323.9 5330.5
B 1564.2 1560.6 1561.3 1537.6 1571.8 1563.8 1581.9 1579.7
C 1204.7 1203.2 1202.4 1184.3 1209.7 1203.8 1219.5 1218.6
salicylaldehyde A 3216.0 3221.0 3229.0 3192.0 3263.0 3202.0 3229.0 3223.0
B 1494.0 1494.0 1491.0 1470.0 1501.0 1489.0 1508.0 1510.0
C 1020.0 1021.0 1020.0 1006.0 1028.0 1016.0 1028.0 1028.0

a From rotationally resolved IR spectra (benz&pand from microwave spectra (pheridbenzaldehydé,and salicylaldehydg.
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calculations, reliable and consistent assignments are given for )
the IR spectra of the three title compounds.
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Computational and Experimental Section

The quantum chemical calculations performed in this work
were done with the Gaussiar®®4nd Gaussian92 programs.
Geometry optimizations and vibrational spectroscopic data were
computed at HF, MP2, B3LYP,28 BLYP,2°:30 and B3P8#"
levels using the 6-31G(d,})basis set. Additionally, HF and
B3LYP calculations were also performed with the enlarged are summarized in Table 1. Additionally, Figure 1 shows the
6-311++G(d,p)* basis set (short-cut notations (1) and (Il) are relative differences between the experimental and the calculated
subsequently used to distinguish between (3&G(d,p) and rotational constants, (exptt calcd)/exptl, as obtained at the
(I1) 6-311++G(d,p) basis sets). In order to improve the visual seven computational levels, which may serve as a first check
comparison between experimental and calculated IR spectra infor the relevance of the calculated geometric data. The best
the figures shown below, the calculated absorption lines have correspondence between experiment and theory is obtained at
been replaced by Gaussian functions with a half-width of 2 MP2 and B3LYP levels (the mean absolute deviations are less
cm L, than 0.2%) and at the B3P86 levek(@.6%), whereas the

Solution and vapor phase IR spectra were measured withcalculated rotational constants are throughout too large at the
Perkin-Elmer 1740 (4006500 cnt?) and 580B (506-200 HF level (<¢1.3%) and are throughout too small at the BLYP
cm-1) spectrometers. Because our high-temperature vapor phaséevel (~1.5%). These findings directly correspond to the well-
spectra (156-200°C) are only poorly resolved, we exclusively  known shortcomings of HF calculations (too small bond
refer to spectra and spectroscopic data of dilute;GGlutions distances) and of BLYP calculations (too large bond distances).
(CS solutions for the 806700 cnt?! range) in the subsequent  As to the two different basis sets 6-31G(d,p) and 6-3t#6
discussion. As should be noted, the differences between vapor(d,p) the differences between the calculated rotational constants
phase and solution frequencies amount to a few wavenumbersare almost negligible for both of the B3LYP and the HF levels.
only, with the exception o#(O—H) and v(C=0O) stretching B. Distances and Angles.Experimental and calculated bond
vibrations, where the shifts measure about 50 (phefRf) distances of the three title compounds and of benZeae
(salicylaldehyde) cmt and about 15 (benzaldehyde and sali- depicted in Figure 2 (for aromatic CC and CH bonds, only mean
cylaldehyde) cm?, respectively. The experimental IR intensi- values are displayed). Additionally, selected experimental and
ties quoted in the tables correspond to absorbance values at bandalculated geometric data of phenol, benzaldehyde, and salicyl-
maxima and were taken from spectra normalized\te= 100 aldehyde are compiled in Table 2 (B3LYP and BLYP calcula-
for the strongest band. The IR spectra shown in the figures aretions) and Table 2S (B3P86, MP2, and HF calculations). The
transmission spectra normalized®e= 98% (A = 1.5) for the three title compounds can be considered as being essentially
strongest bands. planar from experiment (the deviations from planarity are within

The atom numbering of the three compounds is shown in experimental errors) and are predicted to be planar at all seven
Scheme 1. In order to distinguish between the different types computational levels. Concerning methodological effects, in
of bonds, we use the following short-cut notation: CH and CC agreement with the above-discussed rotational constants, the HF
for bonds of the phenyl ring; OH and-€D for bonds involving calculated distances are the smallest (except those of the
the phenolic group; €H, C=0, and C-C for bonds involving aldehyde G-C bonds), the BLYP calculated distances are the
the aldehyde group. The internal coordinates are designatedargest, while the remaining methods yield very similar results

B3LYP(ll)
B3LYP()
BLYP(l)
B3P86(1)
MP2(I)
HE()
HF(l)

Figure 1. Relative differences between experimefital* and calcu-
lated rotational constants, (exptl-calcd)/exptl, of benzene (BZ), phenol
(PH), benzaldehyde (BA), and salicylaldehyde (SA).

v() for stretching,d() for in-plane deformational, ang() for in between. The bond distances (and also the angles) as
out-of-plane deformational coordinates, respectively. obtained with the two basis sets 6-31G(d,p) and 643tG-

(d,p) show only minor differences for both of the HF and
Results B3LYP calculations. As to the aldehyde-C bonds, the rather

A. Rotational Constants. Experimental and calculated large HF calculated distances, which are accompanied by a
rotational constants of the three title compounds and of benzenecorresponding shortening of the<© distances, result from the
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TABLE 2: Selected Experimental and Calculated Bond Distances (A) and Angles (deg)

phenol benzaldehyde salicylaldehyde
exptt  B3LYP(ll) B3LYP(l) BLYP(l) exptl? B3LYP(Il) B3LYP(l) BLYP(l) exptl* B3LYP(I) B3LYP(l) BLYP(l)

(CH)mean 1.086 1.084 1.086 1.093 1.095 1.084 1.084 1.093 1.090 1.084 1.086 1.093
(CC)mean 1.399 1.394 1.397 1.407 1.397 1.396 1.396 1.408 1.404 1.400 1.402 1.413
Cl1-C2 1.396 1.399 1.410 1.400 1.401 1.403 1.414 1.418 1.419 1.422 1.437
C1-01 1.381 1.370 1.368 1.383 1.362 1.341 1.339 1.351
01-H1 0.958 0.963 0.966 0.977 0.985 0.984 0.990 1.009
C2-C1-01 121.2 122.5 122.6 122.7 120.9 121.9 121.7 121.4
C1-0O1-H1 106.4 109.7 109.0 108.1 104.8 107.8 107.0 105.8
c2—-C7 1.479 1.481 1.480 1.488 1.462 1.454 1.452 1.456
C7-02 1.212 1.211 1.216 1.230 1.225 1.228 1.235 1.253
C7—H2 1.120 1.111 1.113 1.123 1.110 1.106 1.108 1.115
C1-C2-C7 120.9 120.6 120.2 120.3 121.4 120.4 119.9 119.6
C2—-C7-02 123.6 125.0 124.7 124.8 123.8 124.4 124.3 124.2
01:--02 2.650 2.640 2.619 2.617
H1---02 1.740 1.767 1.729 1.695

aElectron diffraction dat&$

C. Vibrational Spectra of Benzene. A statistical summary

& O O O O G ¢ cC . .
‘W X about the correspondence between experimental anharmonic and
calculated harmonic frequencies of the three title compounds
(COrean and of benzene is given in Table 3 (correlation coefficients and

mean absolute deviations). Because reliable experimental
(CH) stretching frequencies are not available for the title
compounds, the(XH) (including »(OH)) stretching frequencies
have been excluded from the statistics. Vibrational spectra of
benzene have been extensively studied by experiment and
theory?*36-4%9 and we have nothing essential to add on these
investigations. Nevertheless, since benzene is our pgpanént
—R C-H compound it might be useful to notice some points that may be
(CH)mean relevant for the subsequent treatment of the title compounds.
(i) The »(CH) stretching frequency range of the experimental
benzene vibrational spectra is largely perturbed by combination
OH bands. This becomes immediately apparent from the IR
spectrum, which displays three bands in the frequency range
> 3000 cnt?, while only onev(CH) stretching mode should
be IR active. (ii) With large basis sets, HF calculations not
only yield the commonly much too high frequencies throughout,
Figure 2. Experimentdl® and calculated bond distances [A] of there also remaln some 'nt_erChanges' e.g.yg§mode, when
benzene, phenol), benzaldehyded), and salicylaldehyde). compared with the experimental frequency sequence. For
instance, the mean absolute deviation from the experimental
systematic underestimation of conjugation effects associatedharmonic frequencies amounts to 105 ¢nfor unscaled HF/
with HF calculations. TZ2Pf frequencie® (the correlation coefficient is 0.99932). (iii)
Comparison between the bond distances of the four com- At the MP2 level, well-known problems mainly concern the
pounds reveals common trends at all computational levels and thevy4 frequencies. Whereas the, frequency seems to
(Figure 2). (i) The average CH distances are almost identical converge with higher basis sets (413 ¢rwith 6-311++(d,p)
for all four compounds, whereas the mean CC distances arebasis and 684 cri with TZ2Pf basist! the experimental
slightly larger for salicylaldehyde than for the other three harmonic frequency is 707 cth*9), the failure with a correct

C=0

compounds. (ii) In more detail, the increase of (GG) of description of the Kekule-type multirefereneemode has more
salicylaldehyde arises from a lengthening of the-CP, C2- basic reasons. Besides, even with large basis sets, the overall
C3, C4-C5, and C*+C6 bonds, while the C3C4 and C5- correspondence with the experimental data remains rather poor.

C6 bond distances are shortened with respect to the other thredVithout scaling, the mean absolute deviations from the experi-
compounds. As noted previoudlyhis bond length alternation ~ mental harmonic frequencies amount to 46 and 3Icfor
points to some resonance stabilization of the hydrogen-bondedthe MP2 frequencies calculated with 6-31%(d,p) and TZ2Pf
chelate ring and a corresponding destabilization of the phenyl basis seté! respectively (the correlation coefficients are 0.99687
ring. Quite noticeably, the overall lengthening of the aromatic and 0.99944). (iv) It has already pointed out in the early 1990s
CC bonds is almost exactly balanced by a corresponding the problems associated with HF and MP2 calculations are
decrease of the-€0, C=0, and G-C bonds within the chelate  largely overcome with DFT calculatiori$. Very recently, it
ring, when compared with phenol and benzaldehyde. (iii) has been shown that, in particular, B3LYP calculations with
Expectedly and characteristic for hydrogen bonding, we find larger basis sets provide frequencies that without any scaling
the OH distance to be distinctly larger in salicylaldehyde than are very close to the experimental data, e.g., the mean absolute
that in phenol, while for the €0 bond the opposite is true.  deviation from the experimental harmonic frequencies amounts
(iv) The C=0 distance is distinctly larger in salicylaldehyde 17 cnt? for unscaled B3LYP/ TZ2P¥f frequencies (the cor-
than that in benzaldehyde, while the-8 and C-C distances relation coefficient is 0.99996). (v) From Table 3, when both,
are smaller in salicylaldehyde than those in benzaldehyde. mean absolute differences and correlation coefficients are
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TABLE 3: Experimental Anharmonic versus Calculated Harmonic Frequencies (XH Stretching Frequencies Are Excluded, See
Text): Mean Absolute Differences (cnt?) (First Line) and Correlation Coefficients (Second Line)

B3LYP(Il) B3LYP(l) BLYP(I) B3P86(l) MP2(I) HF(l) HF(I1)

benzene 17 22 11 24 54 92 83

0.99992 0.99967 0.99931 0.99936 0.98429 0.99469 0.99474
phenol 17 24 14 28 49 97 87

0.99963 0.99950 0.99904 0.99922 0.99162 0.99778 0.99777
benzaldehyde 23 29 8 32 44 107 28

0.99972 0.99966 0.99978 0.99950 0.99458 0.99726 0.99740
salicylaldehyde 22 33 17 39 54 112 100

0.99933 0.99894 0.99758 0.99791 0.99353 0.99757 0.99741

TABLE 4: Vibrational Frequencies, IR Intensities, and Assignments of Phenol

exptP B3LYP(II) B3LYP() BLYP(l)
e Ad e Ae Ve Ae Ve Ae assignments
3611 78 3839 61 3827 41 3661 25 v(OH)
(3092) sh 3198 4 3214 6 3131 7 »(CH)
(3076) 5 3192 16 3207 22 3124 27 »(CH)
(3044) 12 3178 17 3191 22 3108 27 v(CH)
(3019) 6 3169 0 3183 0 3100 0 »(CH)
3152 14 3163 16 3080 19 v(CH)
1605 50 1646 38 1668 46 1602 33 Y(CCH[O(CH)]
1598 69 1636 51 1654 35 1589 36  w(CCHO(CH)]
1499 88 1528 58 1547 50 1496 33 O(CH)+v(CC)
1470 45 1500 24 1514 28 1468 28 5(CH)+v(CC)
1342 35 1369 28 1378 36 1348 28 S(CH)+0(OH)+[5(CC)]
1330 10 1349 5 1365 3 1330 8 »(CCH-O(CH)
1257 67 1275 90 1305 81 1254 64 »(C-OH[6(CH)+5(CC)]
1179 96 1192 119 1200 138 1168 139 O(CH)+d(OH)+v(CC)
1167 sh 1191 5 1197 1 1166 7 S(CH)+v(CCH[6(OH)]
1151 40 1177 32 1183 18 1156 14 J(CH)+v(CC)
1069 16 1094 14 1102 11 1070 11 »(CCHO(CH)
1024 7 1043 6 1051 4 1017 3 »(CCH-0(CH)
1000 7 1012 2 1013 2 983 2 5(CCH(CC)
977 2 969 0 981 0 940 0 y(CH)
948 0 955 0 911 0 ¥(CH)
883 10 874 5 884 5 846 4 y(CH)
826 9 816 0 822 0 789 0 y(CH)
811 22 828 23 834 18 805 18 »(CCH-0(CC)+1(C—0)
750 100 745 83 761 52 732 44 y(CH)+y(C—0)
689 53 667 11 699 11 675 8 y(CC)
620 2 633 0 633 0 616 0 6(CC)
529 2 537 2 536 1 521 1 S(CCH[¥(C—0)]
506 27 508 14 518 6 499 6 y(CCHy(C—O)"
420 sh 414 2 421 0 407 0 ¥(CC)
405 10 403 11 405 10 392 9 6(C-0)
322 15 338 111 365 119 376 109 y(OH)
235 sh 227 1 234 1 225 0 Y(CCH{y(CH)]

aFrom IR spectra of CGland CS solutions (see textf. From B3LYP(ll) calculations (contributions between 10% and 20% are given in brackets).
¢ Frequencies (cri). ¢ IR absorbance maxima, normalizedAo= 100 for the strongest banélIR intensities (km/mol)f Shoulder9 +5(OH) at
B3P86 and HF leveld AiImost purey(C—0) at MP2 level.

considered, the advantages of DFT calculations are obvious.quently reproduce these assignments, because in several in-
The experimental frequency sequence is almost perfectly stances the correspondence between benzene and phenol
reproduced with all the three functionals included in this study; vibrational modes is by far not unequivocal. We have therefore
there remain only two minor interchanges that conaeggrand chosen an other, most obvious approach, i.e., a direct comparison
v1 at the B3LYP/6-31G(d,p) and at B3P86/6-31G(d,p) levels. between experimental and calculated spectra by considering both
D. Vibrational Spectra of Phenol. Experimental and the frequency sequence and the intensity pattern. Let us first
calculated frequencies and IR intensities of phenol are sum-omit the high-frequency(CH) stretching frequencies (and also
marized in Table 4 (B3LYP and BLYP calculations) and Table the v(OH) stretching frequency), which provide some special
4S (B3P86, MP2, and HF calculations). The last column of problems (see below). As shown in Figure 3, the B3LYP/6-
Table 4 contains qualitative mode decompositions (contributions 311++G(d,p)-calculated IR spectrum agrees almost perfectly
down to 10% are given) as obtained from B3LYP/6-3H1G- with the experimental one. For 18 out of the 28 ngiXH)
(d,p) calculations. For the other calculational levels, the mode vibrations, we calculate IR intensitiégacg = 5 km/mol and
decompositions are qualitatively rather similar and the assign- each of these vibrations has a directly corresponding experi-
ments of Table 4 apply quite well (the most apparent differences mental IR band with an absorbance maximumAgfyy = 10
are indicated in Table 4). (relative toAexpy = 100 for the most prominent band) (Table
As noted in the introduction, S¢tmiet al.? as well as 4). Moreover, the majority of the remaining 10 vibrations, for
Michalska et all* have given assignments based on comparisons which IR intensities 0fAcaca < 5 km/mol are calculated, can
between calculated normal coordinates and Bist's benzene-likeconsistently be assigned to corresponding weak experimental
vibrations?! Despite some effort, we were not able to conse- features (Table 4). In some instances, the Raman spectrum and
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Figure 3. Experimental and calculated IR spectra of phenol (* denotes

an offset of 420 cm?).

Lampert et al.

reliable experimental frequency (the corresponding frequencies
reported by Evarigand Bis® for thev = 900—1000 cnt? range

are largely different and seem partly to be arbitrary). On the
other hand, besides the assigned IR absorption bands, there
remain only few, very weakfe,on < 4) experimental IR features
below 1600 cm? that cannot be attributed to fundamentals; they
should be due to overtones or to combination transitions (in
some instances this complies with Evans’ assignménts

The assignments just given are highly supported by the
experimental and calculated vibrational spectra of phenol-OD,
i.e., phenol deuterated at the OH group. Once more, we obtain
excellent agreement between experiment and B3LYP/6-313-

(d,p) calculation (Table 5), and in particular, the isotope shifts
v(phenol)y-v(phenol-OD) are excellently reproduced. The latter
not only applies to the significant isotope shifts of three
fundamentals with dominating(OH/OD), 6(OH/OD), andy-
(OH/OD) character, but also to almost all the finer details of
isotope shifts (Table 5).

Whereas the B3LYP/6-311+G(d,p) calculations are obvi-
ously capable of almost perfectly reproducing the experimental
IR spectra in the lower frequency range, the correspondence is
distinctly worse in the range of(CH) stretching frequencies.
Experimental and calculated IR spectra show significant dif-
ferences in this range for both phenol and phenol-OD, and

the spectra of deuterated phenol (see below) provide additionalreasonable assignments are hardly possible. As noted above,

evidence. Only for one of these vibrationgscq= 816 cnT?,

similar problems are known from benzene. They arise from

we observe a somewhat larger difference between calculatedFermi resonance effects, which largely disturb the pattern of
(Acaicd & 0 km/mol) and experimentalA¢,,n = 9) intensities.
Only for one vibrationycacg= 948 cnt?, with calculated zero
IR and Raman intensities, we were not able to determine a IR frequencies actually correspond#¢CH) fundamentals. In

v(CH) fundamentals. The same seems to be true for phenol,
and it is not even clear which of the experimentally determined

TABLE 5: Vibrational Frequencies, Isotopic Shifts, and Assignments of Phenol-OD

expth B3LYP(Il) B3LYP()) BLYP())
Ve Avd Ve Av? Ve Av? Ve Ar? assignments
(3094) €2) 3198 0 3214 0 3131 0 »(CH)
(3072) 4) 3192 0 3207 0 3124 0 »(CH)
(3038) ) 3178 0 3191 0 3108 0  ¥CH)
(3016) 3) 3169 0 3183 0 3100 0  »CH)
3152 0 3163 0 3080 0 v(CH)
2667 944 2795 1044 2786 1041 2665 994  y(OD)
1602 3 1643 3 1665 3 1599 3 »(CC)+o(CH)
1632 4 1649 5 1584 5 v(CCH[6(CH)]
1497 2 1525 3 1543 4 1492 4 O(CH)+¥(CC)
1462 8 1491 9 1505 9 1459 9 &(CH+#(CC)
1332 10 1354 15 1365 0 1335 13 O(CH)+v(CC)
1302 28 1335 14 1348 30 1313 17 v(CCY+6(CH)
1246 11 1269 6 1299 6 1246 8 w(C-Op[W(CC)+o(CH+)+8(CC)]
1167 0 1191 0 1197 0 1166 0  O(CHY+¥»(CC)
1152 =) 1179 -2 1185 -2 1157 -1 S(CH)+[7(CC)]
1075 -6 1102 -8 1109 -7 1078 -8 W(CCY+6(CH)
1024 0 1043 0 1051 0 1018 -1 W(CCY+6(CH)
999 1 1013 -1 1014 -1 983 0 S(CCH(CC)
969 0 981 0 940 0 y(CH)
948 0 955 0 911 -1 »(CH)
018 261 928 264 936 264 912 256 &(OD)+[(CC)]
880 3 874 0 884 0 846 0 y(CH)
825 1 816 0 822 0 789 0 y(CH)
806 5 820 8 826 8 799 -6 8(CCY(CCY+(C—0)
751 -1 745 0 761 0 732 0 y(CH)
688 1 667 0 699 0 675 0 y(CO)
618 2 633 0 633 0 616 0 o(CC)
523 6 531 6 531 5 516 5  §(CCH[¥(C—O0)]
504 2 508 0 517 1 499 0 y(CCHy(CH)
414 0 420 1 406 1 y(CC)
385 20 383 20 385 20 373 19 o(C-0)
253 69 257 81 275 ) 281 95  (OD)H[y(CO)]
215 20 217 10 226 8 220 5  y(CC)+y(OD)

aFrom IR spectra of CGland C$ solutions (see textf. From B3LYP(ll) calculations (contributions between 10% and 20% are given in brackets).
¢ Frequencies (cr). 4 v(phenol)— v(phenol-OD) (cm?).
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TABLE 6: Vibrational Frequencies, IR Intensities, and Assignments of Benzaldehyde

expth B3LYP(Il) B3LYP(l) BLYP(I)
Ve Ad ve Ae Ve Ae Ve Ae assignments
(3104) sh 3198 8 3218 7 3135 10 v(CH)
(3088) 2 3191 12 3208 16 3125 21 »(CH)
(3067) 3 3181 13 3199 17 3116 21 »(CH)
(3040) sh 3170 1 3187 3 3104 4 »(CH)
(3031) 3 3162 3 3179 3 3096 3 »(CH)
(2813) 7 2889 118 2900 132 2792 150 v(C—H)
1709 100 1766 302 1796 226 1706 195 (C=0)
1598 9 1639 33 1657 27 1591 28 »(CC)+ d(CH)
1586 8 1622 14 1640 13 1574 15  »(CCH[6(CH)]
1495 1520 1 1534 1 1485 2 8(CH)+v(CC)
1456 7 1484 12 1497 12 1450 12 O(CH)+v(CC)
1388 4 1421 6 1436 9 1395 5  8(C—H)+[6(CH)]
1337 1 1354 5 1370 5 1339 4 S(CH)+v(CC)
1311 10 1336 17 1343 17 1306 16  &(CH)+v(CC)
1203 29 1223 59 1233 58 1192 46 1(C—C)+1(CCHO(CH)+[(CC)]
1167 10 1191 28 1196 22 1164 21 §(CH)}tv(CC)
1160 sh 1184 2 1189 2 1160 15 5(CH)+v(CC)
1072 2 1102 5 1108 4 1076 4 y(CCHO(CH)
1024 2 1044 3 1050 1 1017 1 »(CCHO(CH)+[ 8(CC)]
1010 sh 1036 2 1038 0 998 0 y(C—H)+y(CH)
1005 2 1017 1 1017 0 987 1 5(CC)H»(CC)
980 1 1012 0 1011 0 972 0  y(CH)Hy(C-H)]°
960 997 0 990 0 951 0 y(CH
920 1 943 2 943 2 909 1 ¥(CH)
855 1 868 0 871 0 843 0 y(CH)
827 16 837 33 842 31 816 28 »(CCH¥(C—C)+[6(C=0)+5(CC)]
742 31 764 54 766 40 743 35  y(CH)+y(CCy
688 19 702 31 705 17 683 14 y(CCH{y(CH)]
651 11 661 25 662 24 643 20  6(CCH6(C=0)
617 1 630 0 629 0 613 0 0(CC)
449 10 464 7 468 4 455 3 y(CCHy(C—C)
404 1 443 0 444 0 431 0 5(CC)+v(C—C)
385 1 416 0 421 0 407 0 7(CC)
236 8 237 8 243 6 238 5 7(CCHy(C—C)+y(C=0)
223 8 221 8 222 8 217 7 5(C—C)+d(C=0)
130 115 5 125 4 124 3 »(C=0)+y(CC)Hy(C—C)

aFrom IR spectra of CGland CS solutions (see textf. From B3LYP(Il) calculations (contributions between 10% and 20% are given in brackets).
¢ Frequencies (cr). ¢ IR absorbance maxima, normalizedAc= 100 for the strongest ban8lIR intensities (km/mol)f Shoulder8 —y(C—H) at
MP2 level." —y(CC) at MP2 level.

Tables 4 and 5, the observed(CH)” frequencies are simply
arranged in decreasing order and they have been excluded from
statistical considerations (Table 3). As to tH®H) stretching
frequency, the difference between experiment and B3LYP/6-
311++G(d,p) calculation, which amounts to about 180¢ém
if the experimental gas phase value is used, can mainly be
attributed to the large anharmonicity associated with OH
vibrations, e.g., the mean anharmonic shift of the tw©OH)
frequencies of gaseous water is also about 180'cm

Thus, as it turns out, with the exception of thgCH)
stretching vibrations, the correspondence between the experi-
mental and the B3LYP/6-3H#1+G(d,p) calculated IR spectra
of phenol is almost perfect. Concerning vibrational spectro-
scopic data as obtained at other levels of theory (Tables 4 and
4S, and Figure 3), the differences and trends are essentially those MP2(l)
that already become apparent with benzene and that are partially
well-known from literature studies (see above). Moreover, they
also agree well with related findings about the bond distances HF(l)
(Tables 2 and 2S). Without going too much into details, some
points should be noticed. (i) When both, mean absolute
deviations and correlation coefficients are considered, (Table
3), the B3LYP calculated results are only slightly better on the [em™ 1000 0
whole with the 6-313+G(d,p) than those with the 6-31G(d,p)  Figure 4. Experimental and calculated IR spectra of benzaldehyde.
basis. (ii) BLYP yields similarly good results, but most of the
calculated frequencies are smaller than the experimental onesBLYP calculations is also obvious from th¢OH) frequency,
(20 out of 34, which compares with seven at B3LYP/6- which is very close to the experimental (anharmonic) gas phase
311++G(d,p) and two at B3LYP/6-31G(d,p) levels). The frequency. (iii) The B3P86 description is slightly poorer than
systematic underestimation of force constants associated withthe B3LYP description. (iv) MP2 calculated results are

exp

~ B3LYP(ll)

B3LYP(l)

BLYP(l)
%T

B3P86(l)

4000 3000 2000 v
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TABLE 7: Vibrational Frequencies, IR Intensities, and Assignments of Salicylaldehyde

expth B3LYP(Il) B3LYP(l) BLYP(I)
Ve Ad ve As Ve Ae Ve Ae assignments
3160 3413 240 3348 227 3058 218 v(OH)
(3091) 3202 5 3220 6 3137 10  »(CH)
(3071) 3196 10 3214 14 3130 18 »(CH)
sh 3175 6 3193 8 3111 6 v(CH)
(3037) 3163 4 3176 5 3094 10 v(CH)
2840 8 2949 88 2965 100 2872 122 v(C—H)
1668 100 1705 422 1733 331 1645 262 (C=0)
1622 21 1659 56 1677 43 1609 9  »(CCH[s(CH)e
1582 17 1614 58 1634 71 1578 4 y(CCH[O(OH)+O(CH)]
1488 22 1517 56 1534 83 1488 85  8(CH)+v(CCH[6(OH)]
1462 24 1488 67 1506 59 1449 49 O(CH)+»(CC)
1413 5 1409 79 1442 81 1410 80  O(C—H)+8(CH)+0(OH)
1385 14 1420 39 1423 49 1377 36  8(C—H)+6(OH)+[»(CO)I
1322 6 1358 11 1378 14 1341 16  »(CCH[8(CH)]
1284 41 1318 121 1343 90 1298 73 »(C—O)+3(CH)+[S(CC)]
1229 14 1253 43 1264 42 1227 32 §(CH)+v(CC)
1202 21 1222 65 1233 64 1202 55  8(CH)+v(CCH[v(C—C)]
1150 20 1177 34 1182 26 1155 20  §(CH)+v(CC)
1114 4 1139 7 1146 6 1114 5  6(CH)Y+v(CC)
1029 6 1047 9 1053 1019 5 v(CCY+6(CH)
1010 1 1017 2 1022 1 978 3 y(C—H)
975 988 0 996 0 956 0 y(CH)
943 2 955 1 953 1 912 0 y(CH)
885 18 896 25 896 22 871 20 o6(CC)
857 2 865 0 875 0 840 13 y(CH)
767 15 778 18 785 16 757 12 »(CCHv(C-0)
757 31 763 169 773 63 747 51  y(CH)+y(OH)
739 13 688 0 732 2 708 1 y(CCHy(C—0)
714 21 781 13 838 96 869 71 y(OH)+y(CHY
667 11 675 29 677 28 658 24 (CCH(C=0)+[v(CC)]
563 2 572 4 572 3 555 3 5(CCHv(CC)
539 3 542 4 549 3 530 3 y(CCHy(C-0)
451 5 461 5 468 6 461 4 5(C—0)+5(C=0)
430 2 434 2 440 1 426 1 y(CCHy(C-C)
409 4 418 4 419 3 408 3 O(CCYH[8(C—O)+v(C—C)]
292 2 298 4 309 3 308 2 y(C=0)+y(C—C)+y(C-O)+[y(CC)]
261 3 269 9 278 8 278 8 O(C-CYt+6(C=0)
214 1 211 2 216 2 212 2 y(CCyy(C=0)
140 140 0 146 0 144 0 y(C—C)+y(CCHy(C=0)

aFrom IR spectra of CGland C$ solutions (see textf. From B3LYP(ll) calculations (contributions between 10% and 20% are given in brackets).
¢ Frequencies (cmi). 9 IR absorbance maxima, normalized&o= 100 for the strongest banéIR intensities (km/mol)! Shoulderg +6(C—0) at
BLYP level. " —5(OH) at BLYP, B3P86, MP2, and HF levels—y(OH) at B3LYP(l), BLYP, B3P86, MP2, and HF levels—y(CH) at B3LYP(l),
BLYP, B3P86, MP2, and HF levels

distinctly worse, in particular with respect to the correlation only three or four cases, and only some minor spectral features
coefficients (because of several interchanges). (v) HF calcula- (Aexpu < 4) remain unassigned (the most obvious case is a band
tions yield the well-known distinctly overestimated frequencies at 1654 cm? with Aexpn = 3, see below). In the range of
and also several interchanges, with only minor differences (CH) stretching vibrations, the same problems arise with the
between 6-31G(d,p) and 6-3t#G(d,p) basis sets. determination of experimental fundamental frequencies, as it
E. Vibrational Spectra of Benzaldehyde. Experimental is the case with benzene and phenol. Additionally, with
and calculated frequencies and IR intensities of benzaldehydebenzaldehyde a similar problem also concerns the aldehyde
are summarized in Table 6 (B3LYP and BLYP calculations) (C—H) stretching vibration, which is well-known to be com-
and Table 6S (B3P86, MP2, and HF calculations), along with ponent of a strongly coupled Fermi doublet, and a comparison
gualitative mode decompositions as obtained from B3LYP/6- with calculated harmonic frequencies is hardly meaningful. As
311++G(d,p) calculations. The mode decompositions obtained to the other computational levels, the differences and trends
for the other calculation levels are qualitatively rather similar (Tables 3, 6, and 6S) are largely similar to those obtained for
and the assignments of Table 6 apply even better to the otherphenol. Compared to experiment, all the DFT calculations yield
calculations, than was the case with phenol (two minor reasonably good results with respect to both mean absolute
deviations are indicated in the Table 6). frequency differences and correlation coefficients, while MP2
Comparing theory with experiment, almost everything we and HF results are distinctly worse.
have learned from phenol also applies to benzaldehyde. As F. Vibrational Spectra of Salicylaldehyde. Experimental
shown in Figure 4, the B3LYP/6-3#1+G(d,p) calculated IR and calculated vibrational frequencies and IR intensities are
spectrum excellently agrees with the experimental IR spectrum compiled in Table 7 (B3LYP and BLYP calculations) and Table
in the range below the(CH) stretching frequencies. Almost 7S (B3P86, MP2, and HF calculations), along with qualitative
all calculated vibrations can unambiguously be assigned to mode decompositions, as obtained from B3LYP/6-8415-
corresponding experimental spectral features and vice versa by(d,p) calculations. Although the mode decompositions as
considering both frequency sequence and intensity pattern. Theobtained at the other calculational levels are qualitatively largely
assignments (Table 6) may possibly be somewhat tentative insimilar for the great majority of vibrations, there are distinctly
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TABLE 8: Vibrational Frequencies, Isotopic Shifts, and Assignments of Salicylaldehyde-OD

expth B3LYP(lI) B3LYP(]) BLYP())
Ve Arvd Ve Avd Ve Avd Ve Avd assignments
(3086) ) 3202 0 3220 0 3137 0 »(CH)
(3065) ©) 3196 0 3214 0 3130 0 »(CH)
(3051) 3175 0 3193 0 3111 0 »(CH)
(3028) ©) 3163 0 3176 0 3094 0 »(CH)
(2837) 3) 2949 0 2966 -1 2873 -1 w(C—H)
2370 790 2488 925 2441 907 2232 826 v(OD)
1665 3 1702 3 1727 6 1633 12 ¥(C=0)
1615 7 1654 5 1672 5 1604 5  »(CCH[6(CH)]
1569 13 1594 20 1610 24 1543 35 »(CCH[O(CH)]
1475 13 1500 27 1515 19 1464 24 §(CH)+»(CC)
1461 1 1488 0 1506 0 1448 1 &(CH)+v(CC)
1387 —2 1414 6 1426 -3 1381 —4 8(C—H)
1323 -1 1366 -8 1387 -9 1351 ~10 W(CCH[6(CH)]
1295 -1 1323 -5 1345 -2 1301 -3 w(C—0)+d(CH)
1263 —34 1288 ~35 1296 —32 1257 -30 S(CH)+»(CCHH[»(C—0)]
1214 ~12 1236 ~14 1249 ~16 1215 -13 W(C—C)+6(CH)+(CC)
1151 -1 1177 0 1182 0 1155 0 O(CH)+v(CC)
1130 ~16 1154 ~15 1160 —14 1130 ~16 8(CH)+»(CC)
1038 —9 1054 -7 1063 ~10 1012 ~7 W(CCY+6(CH)+[6(OD)]
990 423 1020 389 1037 405 1040 370 &(OD)+(CCH[A(CC)]
1016 1 1022 0 976 2 y(CH)
988 0 996 0 956 0 y(CH)
943 0 955 0 953 0 912 0 y(CH)
872 13 886 10 887 9 864 7 6(CC)
857 0 864 1 874 1 841 -1 y(CH)
767 0 777 1 784 1 756 1 v(CCH¥(C—O)]
756 1 769 —6 773 0 747 0 y(CH)
728 11 688 0 736 —4 713 -5 y(CCHy(C—-0)
666 1 674 1 675 2 656 2 5(CCHO(C=O)+[v(CC)]
574 207 614 224 632 247 y(OD)+y(CC)
559 4 569 3 569 3 552 3 8(CCH(CC)
516 23 532 10 542 7 526 3 (CCHy(OD)+y(C—0)
438 13 449 12 456 12 450 11 &(C—0)+o(C=0)+[6(CC)]
434 0 440 0 426 0 y(CO[y(C—C)
404 5 413 5 415 4 404 4 5(CCHO(C—O)+[MC—C)]
292 0 298 0 309 0 308 0 y(C=O)t+y(C—C)+y(C—O)+[y(CC)]
258 3 265 4 274 4 274 4 5(C-C)y[6(Cc=0)]
210 4 208 3 214 2 209 3 y(CCyy(C=0)
140 0 146 0 144 0 y(C—C)y+y(CCHy(C=0)]

aFrom IR spectra of CGland C$ solutions (see textf. From B3LYP(ll) calculations (contributions between 10% and 20% are given in brackets).

¢ Frequencies (cri). 9 v(salicylaldehyde)- v(salicylaldehyde-OD) (crr).

exp

B3LYP(II)

B3LYP(l)

BLYP()
%T

B3P86(l)

MP2(1)

T HF (1)

4000 3000 2000 v

[em™] 1000

Figure 5. Experimental and calculated IR spectra of salicylaldehyde
(* denotes an offset of 200 crh).

0

The agreement between experimental and B3LYP/6+31G-
(d,p) calculated IR spectra is slightly worse for salicylaldehyde
than for the two parent compounds (Figure 5), but nevertheless,
reasonably justified assignments can be made in the lower
frequency range (below(XH) stretching frequencies) for about
80% of the modes of vibrations (Table 7). For some three to
four vibrations the assignments could be questionable, and in
the experimental spectrum there remain some more unassigned
residuals (1649, 1340, and 1182 ththan is the case with
that of the two parent compounds. Most prominently, this
applies to the absorption band at 1649¢nn the solution
spectrum. Because the intensity of this band decreases signifi-
cantly as they(C=O0) frequency increases by going from
condensed (liquid) to solution and to vapor phase spectra (in
the latter case the band is absent), it can reasonably well be
interpreted in terms of Fermi resonance (most likely the same
applies to the unassigned 1654 ¢nband of benzaldehyde, see
above).

The most apparent problem with the vibrational spectrum of
salicylaldehyde concerns four frequencies in the rangg =
714-767 cnrl, where experimental and calculated spectral
patterns exhibit significant differences, and where there are also
distinct differences between the B3LYP results as obtained with
6-311+G(d,p) and with 6-31G(d,p) basis sets (Figure 5). The

more and also more prominent differences, than is the case withreasons for this become clearly apparent from an inspection of

the two parent compounds (Table 7 and see also below).

the corresponding normal coordinates. For two of the four
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vibrations the 6-31%+G(d,p) and the 6-31G(d,p) calculated as the systematic underestimation of bond distances with HF

normal coordinates are largely simila(CC}Hv(C-O) andy- calculations and the systematic overestimation of bond distances
(CC)Y+y(C-0), but for the other two modes 6-3t#+G(d,p) with BLYP calculations.

calculates two strongly mixegd(OH)+y(CH) vibrations (781 For vibrational spectroscopic data, DFT calculations have
and 763 cm?), whereas 6-31G(d,p) calculates an almost pure been proven to be superior over MP2 and HF calculations. In
y(OH) and an almost purng(CH) vibration (838 and 773 cn), particular, it has been shown that, for phenol, phenol-OD, and

which indicates, that the poor description of the force field for benzaldehyde, the frequency sequences and intensities from
these modes could be a problem of basis set convergence. B3LYP calculations excellently agree with experimental results
The interpretation of the IR spectra of deuterated salicylal- (except ofv(XH) stretching fundamentals, which have not been
dehyde (Table 8) provide more problems, than was the casedetermined yet for both compounds). Reliable and almost
with phenol. Considering the experimental spectra, the cor- complete assignments of the IR spectra have been given. For
respondence between salicylaldehyde and salicylaldehyde-ODBLYP calculated vibrational spectroscopic data the agreement
bands is not obvious in all instances. The reasons for most of with experiment is similarly good or even better, although most
the problems in the 14661000 cnt! frequency range become  frequencies are lower than the experimental fundamentals.
clear from the calculated spectra (Table 8). First, most of the B3P86 calculated data are slightly worse, whereas MP2 and
bands become, partially significantly, shifted to higher frequen- HF calculations suffer from several obvious shortcomings,
cies on deuteration, which is rather exceptional than common. concerning both frequency sequences and intensities, that are
Second, for several vibrations the mode decompositions arealready apparent from calculations of smaller molecules, such
significantly different for salicylaldehyde and salicylaldehyde  as benzene.
OD, which strongly affects not only the frequencies, but also  With salicylaldehyde and salicylaldehyd®D, there remain
the corresponding intensities. In particular, this applies to the some more inconsistencies between B3LYP calculated and
contributions of thed(OH/D) internal coordinates: whereas in experimental IR spectra, than is the case with phenol and
salicylaldehyde thé(OH) in-plane deformation contributes to  benzaldehyde. In particular, this applies to some low-frequency
a minor extent (less than 25%) to several normal coordinates, vibrations, where the agreement between theory and experiment
in salicylaldehyde-OD the 6(OD) in-plane deformation con- s rather poor. Since B3LYP/6-31G(d,p) and B3LYP/6-3HG-
tributes mainly (about 60%) to only one normal coordinate. As (d,p) calculations yield significantly different results in these
to the critical 808-700 cnT? frequency range, where we observe instances, the failure with a correct description of the force field
larger differences between experimental and calculated spectraseems to be a problem of insufficient basis set convergence.
of salicylaldehyde, the agreement between experiment and
theory is distinctly better and the isotopic shifts, experimental  Acknowledgment. This work was supported by the Austrian
as well as calculated ones, provide valuable help for more “Fonds zur Foderung der Wissenschaftlichen Forschung”,
reliable assignments. Projekt Nr. P10286-CHE. The calculations were performed on
Concerningv(CH) andv(C—H) stretching frequencies, ex- the RISC 6000/550-Cluster and on the Cluster of Digital Alpha
pectedly, the problems are just the same as with the parentServers (2100 4/275) of the computer center of the University
compounds. Reliable experimentdCH) fundamentals have  of Vienna. The authors are grateful for ample supply of
not been determined to date and the aldehy@e-H) stretching computer time on these installations.
vibration is one component of a strongly coupled Fermi doublet.
Comparisons between the data obtained at different levels Supporting Information Available: Tables 2S, 4S, 6S, and
of theory reveal very similar differences as is the case with the 7S that contain geometric and vibrational spectroscopic theoreti-
parent compounds (Table 3). Only in the case of BLYP caldataas obtained at B3P86/6-31G(d,p), MP2/6-31G(d,p), HF/
calculations the results are distinctly worse than with the parent 6-31G(d,p), and HF/6-31+G(d,p) levels of theory (4 pages).
compounds. The main reasons become immediately apparenrdering information is given on any current masthead page.
from the frequency of the/(OH) stretching vibration that is
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