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The infrared spectra of phenol and phenol-OD are thoroughly reinvestigated, to resolve the contradictory
assignment of some vibrations. The harmonic frequencies, integrated IR intensities, and potential energy
distribution (PED) have been calculated by the B3LYP method with the 6-313(df,pd) basis set. The

Fourier transform infrared (FT-IR) spectra of phenol and phenol-OD have been measured in carbon tetrachloride
and cyclohexane solutions, in the frequency range 374Q0 cn1?, and the experimental integrated infrared
intensities are reported. On the basis of the results obtained, the detailed assignment of all the fundamental
modes of Ph-OH and Ph-OD are presented. The study demonstrates that density functional B3LYP is clearly
superior to the ab initio Hartreg=ock (HF) and second-order Mer—Plesset (MP2) methods in reliable
prediction of the vibrational spectra of phenol. In particular, it is shown that scaling of the B3LYP-calculated
frequencies of the CH and OH(OD) stretching vibrations by the scaling factor, derived by Bakerdet al. [
Phys. Chem. A998 102 1412] gives excellent agreement between theoretical and experimental frequencies

of these vibrations. Detailed theoretical investigations are performed for these troublesome normal modes in
phenol and benzene, which show the largest deviations between the MP2-predicted frequencies and the
experimental ones. It has been demonstrated that these modes have almost identical atomic displacements
and potential energy distributions in both the molecules. The electron correlation effects and basis set
dependences are examined, and the nature of these problematical vibrations in aromatic molecules is discussed.

rescencd. The unequivocal assignment of the normal modes

Despite extensive theoretical studies of the IR spectra of involving the vibrations of the OH group is indispensable for
phenol reported in the past few yearg, the assignment of understanding the spectral changes resulting from hydrogen-
several vibrations remains contradictory. Furthermore, there arePond formation with proton acceptors.
still some controversies in the literature about the ability of the  In the present work, a detailed assignment of all fundamentals
second-order Mier—Plesset (MP2) method to predict reliable of CsHsOH (Ph-OH) and @HsOD (Ph-OD) is reported, based
molecular properties, vibrational frequencies, and normal co- on the B3LYP/6-31%-+G(df,pd)-calculated vibrational frequen-
ordinates of phenol, phenoxy radical, and their hydrogen-bondedcies, integrated IR intensities, and potential energy distribution.
complexes. Recently, we have reported B3LYP/6-8+5- These are, to date, the largest calculations performed on these
(df,pd) calculations of the molecular structures and infrared molecules (275 contracted basis functions). The theoretical
spectraof p-chlorophenol, p-bromophenol, and their OD-  gtydies are complemented by experimental investigation of the
deuterated de_nvanvésOur t_heoret|cal results showed very good | spectra of Ph-OH and Ph-OD in inert solvents. The integrated
agreement with the experimental data and allowed us to make g jyiensities of both molecules are reported. It should be noted

a clear-cut assignment of all fundamental transitions in the
electronic ground state of these compounds. In particular, it has
been demonstrated that the frequencies of théiGtretching
vibrations are significantly affected by the presence of the
hydroxy group in phenol, and their assignment is different from
that reported for benzene. However, in a number of earlier
experimental studies on pherfol2 the CH stretching vibrations
were interpreted in terms of “benzene-like” vibrations. In recen

that these data are lacking in the literature, since Lampert et
al2 reported only the absorbances at band maxima for Ph-OH.
Most recently'3 the anharmonicities for the CH, OH, and OD

stretching vibrations were determined from the overtones
observed in the near-IR spectra of Ph-OH and Ph-OD. These
anharmonicities allowed us to obtain the experimental harmonic
t frequencies, which show very good agreement with the B3LYP-

works23the assignments given for the CH stretching vibrations calculated harmonic frequencies. On the basis of the results
are quite arbitrary; all modes are indeed describedva@3-". obtained, the detailed assignment of all the CH stretching

Furthermore, Keresztury et &lassigned the band near 1200 Vibrations has been made, and the contradictory assignment of
cm ! to the OH in-plane bending vibration, which has been several other vibrations has been clarified.
contradicted by the recent data obtained from dispersed fluo- The second purpose of this work is the detailed investigation
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of the nature of some vibrations in aromatic molecules, for
which the MP2 (and HF) calculations do not reproduce the

* University of Leuven. correct frequencies and the normal coordinates. The electron
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correlation effects and the basis set dependences have been
examined for these problematical modes.

Materials and Methods

Theoretical. The optimized equilibrium structure, harmonic
frequencies, and IR intensities of phenol and benzene were
calculated by the MP2 methytland density functional three-
parameter hybrid (DFT/B3LYP) methd&1® Three basis sets
were employed: 6-31G(df,p), 6-311G(2d,2p), and 6-B1+G-
(df,pd)1718The latter is the valence triplgbasis set, which is
augmented byd and f polarization functions on carbon and Figure 1. Atom numbering in phenol.

oxygen atoms and hyandd polarization functions on hydrogen from the B3LYP/6-31G(df.p) and HF/6-33tG(df,pd) cal-

?ton"tn_s. n addllltlotn, th'SF bas;]s Sef !ts suppltemefnzt$g by td|ffL:s§ culations for Ph-OH and Ph-OD are given in Tables 1S and 2S
unctions on all atoms. For phenol, it consists o contracted Supporting Information.

.baSiS func.tions (.378 primitives). This basis set has be.en used The overall agreement between the theoretical frequencies
e et o e oo 21 R ensies computed st i B3L1P/6-336(d o)
(below 2000 'le) were ogbtained from the Ieast-squareg fitting Ievgl a_nd _the corresponding experimental rgsults is _excellent,
to the experimental values. The B3LYP-calculated CH and OH which |nq|cates that the reported band assignment is correct.
: . ' ; According to the PED, the Q20 mode has a predominant
stretching frequencies have been scaled by different factorscontribution from the OH in-plane bending vibratiah(OH).

derived from the recently reported scaling factors of primitive . i
. The B3LYP-predicted frequency (1173 chis in very good
20
valence force constant3?°The nonredundant set of 33 internal greement with our experimental frequency of 1179 Erihis

coord|2r11ates has been Qerlved as recommended by Fogaras| angssignment is also supported by the fact that this absorption
Pulay?! At each theoretical level, the normal coordinate analyses disappears in Ph-OD. In the recently reported dispersed

have been carried out, according to the procedure described influorescence (DF) spectrum of Ph-OH, $@H) vibration has

our earlier paper&?® These yielded the potential energy been assigned at about the same fre,quency 1174 ithe
distributions (PEDSs) for the investigated compounds. The PED band at 1197 crit, assigned té(OH) in ref 3 wa:s ot observed
elements are given in terms of the internal coordinates, which in the present wérk The same remark aléo holds for the 1176
are designated as follows:, stretching;o, in-plane bending; cm! absorption in I'Dh-OD It should be noted that Schiefke et
y, out-of-plane bendingz, torsional vibration. The symmetry al.7 in their HF/6-3lG(d,pj calculations of pher@mmonia

coordinz_ates for the six-membgred ring are given in ref 2.2' All complex, obtained incorrect frequency shifts for the modes
calciglaté?ns ha_lve beeré carnse\?l out dwghg(t}f:e()(}a_ussgréogs involving 6(OH). As follows from the present study, a similar
zjge?gomga?enrlsng on tray an ngin deficiency is noted for the HF/6-3%#HG(df, pd) level of

. : calculations. Despite the use of such a large basis set, the HF

Experimental. The FT-IR spectra of Ph-OH and Ph-OD were frequency of the mode Q20 is significantly overestimated, by

recorded at room temperature, in carbon tetrachloride (3700 about 75 cm?, even after scaling (Table 1S in Supporting

1 i 1 H )
850 cnm) and in cyclohexane (856400 crm™) solutions at a Information). Apparently, the correlations effects are important

concentration of 0.05 mol dmi. The spectra were measured at ; S
: ; for reproducing the frequency of tldéOH) vibration in phenol.
2 cn ! resolution on a Bruker 66 FT-IR spectrometer equipped Thg normalgmode (;23 (T)allble 1) als)o involves agignificant

with a KBr beam splitter, a Globar source, and a DTGS detector, contribution (18%) from thé(OH) vibration and is attributed

with a KBr liquid cell. The integrated intensities were deter- to the absorption at 1341 crh Both the calculated infrared

bmlngd by usgg the I?rtukder ?E LtJhS software,ftand overlaf[)rﬁ) Itr;]g intensity and frequency of this mode agree with the experimental
ands were deconvoluted wi € same software or wi € values. It should be noted that when the Ph-OH concentration

Galactic GRAMS/386 program. Bands characterized by a very increases, the two bands at 1179 and 134T lcdecrease in

weallk IR intensity ¢CH vibrations) were recorded in extended intensity and they are both shifted to higher frequencies, 1221
chﬁ ) OH f A Chemi tallized f and 1360 cm?, respectively. The formation of higher aggregates
. rom ACross emica was crystallized 1rom a j,.reg5es the frequency of the modes involving an important

petroleum-ether mixture. Ph-OD was prepared by several 0(OH) contribution. The normal mode Q23 is sensitive to the
exchanges with methanol-OD (99%) from Cambridge Isotope ara-substitution of phenol, since it is shifted to 1320 ¢hn

Laboratories and about 90% deuteration was achieved. Carbory, spectra op-CIPh andp-BrPhs As revealed by the calculated

tetrachloride from Aldrich was dried on molecular sieves. PEDs for phenol and benzene, this mattes notcorrespond
to the “mode 14” in benzene (in Wilson’s notatih In earlier
experimental studie’$, mode Q23 was interpreted as being
Infrared Spectra of Ph-OH and Ph-OD. The numbering similar to mode 14 in benzene, and this interpretation has been
of atoms in phenol is shown in Figure 1. The harmonic followed by many other authors in the literature.
frequencies and IR intensities of Ph-OH, computed by both the In deuterated Ph-OD, the OD in-plane bending vibration
B3LYP and MP2 methods, are given in Table 1, together with shows a predominant contribution (81%) to the mode Q13,
the experimental frequencies and integrated IR intensities which is assigned at 920 crhin the IR spectrum. The B3LYP-
measured in inert solvents. The available literature data from calculated frequency is very close, 914 @m
the gas-phase IR and Raman spectra have also been included. It should be emphasized that in the low-frequency region our
In Table 2 are shown the results from similar experimental and B3LYP results show very good agreement with experiment. The
theoretical studies of Ph-OD. In both tables, the last column calculated frequency of the mode Q1, 225%¢nis identical to
gives the potential energy distribution (PED) matrix, calculated the experimental frequenéy8 Thus, the earlier assignment of
at the B3LYP/6-31%+G(df,pd) level. The remaining results Q1 to the absorption between 235 and 244 &&#1¢-12 seems

Results and Discussion
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TABLE 1: Vibrational Frequencies, IR Intensities, and Assignment for Ph-OH?

B3LYP MP2
exp [6-311++G(df, pd)] [6-31G(df,p)]

sym b AC e ve lrel® of A w9 A PED" (%) [B3LYP/6-311+G(df,pd)]
Q1L A" _ 225.2 225 1 220 1 7aring(52),72ring(19),yCO(16)
Q2 A" 310 309.2 47 313 110 326 125 7OH(99)
Q3 A 406 29 10  403.1 5 399 10 397 10 6CO(81)
Q4 A’ NO 408.5 0 412 1 389 1 7oring(75),73ring(25)
Q5 A’ 505 65 22 502.8 26 503 14 503 3 yCO(46),73ring(29)
Q6 A 528 21 7 5266 5 529 2 519 1 02ring(76),»(C—0)(11)
Q7 A 618 sh 618.7 624 0 612 0 0aring(83)
Q8 A’ 689 147 49 6859 50 662 10 452 4 7yring(93)"
Q9 A’ 753 198 66 7506 52 742 86 706 78 yC4H(35), yCO(20),yCsH(16), yCoH(16)
Q10 A’ NO 817.2 0 813 0 780 0 yCyH(46),yCsH(24),yCsH(20)
Qu1 A 827 21 7 8232 20 816 22 818 17 »(C—C)(40),»(C—0)(26),01ring(17)
Q12 A’ 882 3.0 10 881 12 872 5 843 0  yCgH(40),yCzH(28),yC4H(20), yCsH(11)
Q13 A’ NO 958 0 946 0 862 0 yCsH(60),yC4H(20), yC2H(10), yCeH(10)
Q14 A" 972 sh 972.5 1 965 0 872 0 yCsH(60), yC4H(22), yCsH(18)
Q15 A 999 1.2 4 9993 5 999 3 1000 0 01ring(62),»(C—C)(36)
Q16 A 1024 1.8 6 1026.1 8 1027 5 1039 4 v(C4-Cs)(30),v(C3-Cs)(24)
Q17 A 1069 4.0 13 10724 10 1077 15 1087 12v(C—C)(53),0CH(40)
Q18 A 1151 438 16  1150.7 38 1161 36 1166 5 0CH(66),7(C—C)(22), 60H(10y
Q19 A 1167 1.8 6 11689 70 1175 24 1180 3 0C3H(28), 0CsH(20), »(C—C)(22)
Q20 A 1179 227 76 11765 80 11%3 100 1189 148 OSOH(45),0CH(33),¥(C—C)(21y
Q21 A 1257 223 75 12617 62 1260 90 1295 68v(C—0)(50),0CH(18)
Q22 A 1330 0.6 2 1326 7 1442 13 »(C—C)(75),0CH(21y
Q23 A 1341 54 18 1343 31 1350 24 1345 23 SCH(74),00H(18)
Q24 A 1469 123 41 1472 23 1479 23 1489 25 3C4H(26), 0C3H(13), vCs-Cy(12), vCp-C3(12)
Q25 A 1499 226 76 1501 54 1506 58 1524 600CsH(19), 0CoH(17),vC3-Cy(12), 0C3H(12)
Q26 A 1598 20.0 67 1603 70 1609 47 1639 28v(C1-Cy)(24),v(C4-Cs)(21)
Q27 A 1606 14.8 49 1610 1620 42 1654 41 vC;-Cg(23), ¥Cs-Cs(17),vCo-Cs(14), vCs-Cs(13)
Q28 A 3019 0.7 2 3029 3019 13 3160 10 »(Cy—H)(—88),(Ca—H)(+11)
Q29 A NO 3036 0 3180 0 »(Cs—H)(+52),»(C4—H)(—27),»(Cs-H)(+11)
Q30 A 3044 46 15 3049 3044 16 3188 13 »(Cs—H)(+56),¥(Cs—H)(—27)
Q31 A 3052 02 1 3068 3058 16 3201 11 v(Cs—H)(+45), v(Cs—H)(—36), »(Cs—H)(+17)
Q32 A 3076 0.6 2 307% 3065 4 3207 4 y(Ce—H)(+53),»(C4—H)(+21), »(Cs—H)(+20)
Q33 A 3611 45.3 142 3656 50 3654 60 3792 567(OH)(100)

aVibrational frequencies are given in reciprocal centimeters; IR intensities are in kilometers per mole. Sh indicates shoulder; NO indicates not
observed® From IR spectra of cyclohexane and G€blutions.c Experimental integral absorbances (see tét), integral absorbances normalized
in such a way that the observed intensity sum of all bands is equal to the B3LYP-calculated intensity sum of the correspondirigRnodes.
gas-phase data from ref 10The scaling factor for frequencies was 0.983, except for-@Q82 (0.958) and Q33 (0.953); see texScaling factor
0.977." Predominant contributions (those below 10% are summarized and given as a total). Symmetry coordinates are shown' Froaf 22.
dispersed fluorescence (DF), refi®rom ref 27 k Reordered frequenciesDifferent PED values for MP2yCO(82)+ 3ring(10). ™ MP2: 73ring(80)
+ 73ring(19)." MP2: 6CH(86).° HF: 6CH(40) + 6OH(34) + vC—C(20).P HF: vC—C(57) + 6CH(36). MP2: vC—C(89).9 The Raman gas-
phase data from ref 11.

to be wrong. According to our calculations, the OH torsional It should be noted that all the theoretical methods consistently
vibration in phenol is a “pure” vibration (Q2), and the B3LYP- predict zero IR intensity for the mode Q29; therefore, the
predicted frequency of this mode, 313 cthis in perfect corresponding band is probably not observed in the spectrum.
agreement with the experimental values, 309.2ttwapor)° It is interesting to note that the(C,_H) stretching vibration
and 310 cm? (cyclohexane solutior?. predominates, at 88%, in the mode Q28, and it has the lowest
Also for Ph-OD, the lowest vibrational frequencies predicted frequency of all the CH stretching modes in phenol. ThekC
at the B3LYP/6-311+G(df,pd) level are in excellent agreement bond is in the vicinity of the @ H bond, which causes slight
with experiment, as shown in Table 2. For the modes Q1, Q2, elongation and weakening of the former. Thus, the band at 3019
and Q3, the calculated frequencies are 211, 244, and 379 cm cm™! observed in the infrared, and at 3027 ¢nn the Raman
while the corresponding experimental frequencies are 211.5,spectra of phenol, are assigned with confidence to theHC
246.5, and 381.8 cm, respectively® According to the B3LYP stretching vibration. In the Ph-OD derivative, the corresponding
results, the OD torsion vibration mixes with the ring deformation v(C,—H) stretching is observed at 3015 chin the infrared
and contributes to two bands of similar infrared intensities. This spectrum.
is in accordance with the experimental results of Larsen and It has been shown by Pulay and co-work@f&that the direct
Nicolaisen?6 who have shown that OD torsion contributes to scaling of primitive valence force constants (obtained from
two bands of nearly the same intensity, at 211.5 and 246:3 cm B3LYP calculations) gives much better agreement between the
in the IR spectrum of Ph-OD. This important conclusion should calculated and experimental frequencies than the use of the same
be taken into account in the calculation of the rotational barrier scaling factor for all theoretical frequencies. Thus, we have
of this molecule. scaled the B3LYP-calculated frequencies of the CH stretching
The detailed assignment of the CH stretching vibrations in vibrations by a factor of 0.958. This value corresponds to the
phenol is presented in Tables 1 and 2. To give a better picturescaling factor of 0.918 derived for the valence CH stretching
of these normal modes, we have also indicated the relative signsforce constant? It is remarkable, indeed, how excellent agree-
of the contributing internal coordinates. The frequencies of the ment has been obtained between the B3LYP-calculated frequen-
observed fundamentals were obtained from the deconvolutioncies of v(CH) modes and experimental data. The use of this
of the bands in the CH stretching region. The experimental scaling factor almost reproduces the experimental frequencies
frequencies at 3019, 3044, 3052, and 3076 timave been (1), as shown in Tables 1 and 2. The results obtained from these
assigned to the modes Q28, Q30, Q31, and Q32, respectively studies support our earlier suggestibthat the weak band at
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TABLE 2: Vibrational Frequencies, IR Intensities, and Assignment for Ph-OD

B3LYP MP2
exp [6-3114++G(df,pd)] [6-31G(df,p)]
sym W AS el P A of A PED? (%) [B3LYP/6-31H+G(df,pd)]

Q1L A" 211.8 211 25 210 14 7OD(42),7aring(32),72ing(12)

Q2 A 246.3 244 35 249 54  7OD(56),73ring(23),yCO(11)

Q3 A 381.8 379 11 377 11 8CO(79)

Q4 A 416 0.1 0 411 0 388 0 71ing(75), raring(25)

Q5 A 504 2.7 9 503 12 502 1 yCO(46), Tarng(30)

Q6 A 524 0.6 2 523 2 514 1 0.ing(75),1(C—0)(12)

Q7 A 620 0.2 1 623 0 611 0  daring(84)

Q8 A 689 1.9 6 662 9 459 4 7yring(100)

Q A 749 18.4 60 742 89 706 80 yC4H(35),yCO(20),yCsH(16), yCH(15)
Qo A 807 1.0 3 809 10 812 6  ¥(CO)(24),¥(C1-Cs)(20), 61ring(16)
Q11 A 827 0.4 1 812 0 779 1 yC,H(46),yCeH(25), yCsH(19)
Q12 A 882 2.8 9 872 5 813 1 yCeH(40),yCoH(28), yCiH(21), yCsH(11)
Q13 A 920 19.5 64 914 87 923 90 50D(81),1(C—C)(14)
Qua A NO 946 0 868 0  yCsH(60),yCsH(20), yCoH(10), yCsH(10)
Q15 A 970 965 0 872 0  yCsH(60), yCsH(22), ¥CeH(18)
Q16 A 999 0.6 2 999 1 1001 0  0uring(62),1(C—C)(37)
Q17 A 1024 1.3 4 1027 4 1039 2 ¥(C4—Cs)(30), »(Cs—C4)(25), 6CH(24)
Q18 A 1075 3.6 12 1085 10 1094 8 »(C—C)(48),6CH(35)
Q19 A 1151 1.1 4 1163 2 1167 1 8CH(81),»(C—C)(19)
Q20 A 1167 2.3 7 1175 13 1180 6 OCH(78),#(CC)(22)
Q21 A 1249 474 154 1253 131 1289 93 ¥(C—0)(52),d1ring(11)
Q22 A 1310 0.6 2 1313 7 1436 6 »(C—C)(75),0CH(20)
Q23 A 1332 0.3 1 1335 3 1326 10  SCH(80),»(C—C)(16)
Q24 A 1470 2.0 7 1469 4 1481 4 SCH(55),1(C—C)(38)
Q25 A 1497 29.9 97 1504 80 1521 83  ACH(58),#(C—C)(35)
Q26 A 1599 sh 1604 18 1635 10  vC1-C2(23),vCs Cs(22),vCa—Ca(11),¥C1—Co(10)
Q27 A 1603 351 114 1617 73 1651 61  vCs—Ce(20),vCr—Cs(19), ¥C1—Ce(16), ¥Ca—Ca(12)
Q28 A 2666 21.9 68 2660 38 2760 36 ¥(0O-D) (100)
Q29 A 3015 0.4 1 3019 14 3160 11 1(Co—H)(—88), »(Cs—H)(+11)
Q30 A NO 3036 0 3180 0  (Cs—H)(+52),¥(Cs—H)(—27),»(Cs—H)(+11)
Q31 A 3037 4.2 14 3044 17 3188 13 »(Cs—H)(+56),»(Cs—H)(—27)
Q32 A 3045 3.1 10 3058 16 3201 11 »(Cs—H)(+45), ¥(Co—H)(—36), (Ca—H)(+17)
Q33 A 3072 0.7 3 3065 4 3207 4 y(Ce—H)(+53), ¥(Ca—H)(+21), »(Cs—H)(+20)

aVibrational frequencies are given in reciprocal centimeters; IR intensities are in kilometers per mole. NO, not oB$epradR spectra of
cyclohexane and Cgsolutions (this work); otherwise as indicatédExperimental integral absorbances (see téhtty, integral absorbances normalized
in such a way that the observed intensity sum of all bands is equal to the B3LYP-calculated intensity sum of the correspondid ineodes.
scaling factor for frequencies was 0.983, except for Q28 (0.953) and-Q38 (0.958); see text.Scaling factor 0.977% Predominant contributions
(those below 10% are summarized and given as a total). Symmetry coordinates are shown ihFefi22yas-phase IR spectrum, ref 2@ifferent
PED values for HF:z3ring(47) + yCO(18)+ tOD(14). MP2: t3ring(46) + TOD(23) + 71ring(18).i HF: 7OD(87). MP2: tOD(77).* Reordered
frequencies! HF: vC—C(57) + 6CH(36). MP2: vC—C(89).

3095 cnt! does not correspond to a fundamental transition, but very similar; the relative error is about 1.4% (Supporting
it should be assigned to a combinatior27 + vQ25= (1606 Information). However, it should be pointed out that scaling of
+ 1499) cnrl. the B3LYP-calculated frequencies of th¢OH) and »(OD)

We have also compared the unscaled theoretical frequenciesstretching vibrations by a factor of 0.953 [very similar to that
of the CH stretching vibrations with the so-called “observed used for/(CH)] leads to excellent agreement between theoretical

harmonic frequencies”, which were derived from the funda- and the experimental results, as shown in Tables 1 and 2.
mentals, overtones, and combinations bands observed in the Troublesome Modes in Phenol and Benzenén our earlier

near-IR §pecétrum of phendl. The experimental harmonic gy dies of phendl,we demonstrated that the MP2/6-31G(d,p)
frequenciesw*, can be ob;rslned from the observed fundamental |o¢| of calculations fails in predicting the frequencies of two
transition frequenciest,”*) and the anharmonicity constants \inations in phenol: the so-called ring puckering and the in-

(X) by the expressid plane ring deformation mode. A very similar effect was noticed
by Goodman et &2 in the MP2/6-311G(d,p) calculations of
benzene: the theoretical frequency of mode 4 was too low by
about 300 cm?, whereas that of mode 14 was too high by about
150 cntl. Handy and co-worke?& 32 have argued that a large

0° = 0, + 2X 1)

The X values for thev(CH) vibrations range between 51 and
72 cnm 1131t follows from this comparison that the experimen- : - o .
tally derived harmonic frequencieg of the CH stretch?ng vibra- basis set (TZZ.Pf) cor}talnlng arf polar|zat|on function on each .
tions are in very good agreement with the harmonic frequencies carbon_ atom is required to obtain a conve_rged MP2 qu_adrat|c
calculated at the B3LYP/6-31++G(df,pd) level (Supporting force field for benzene, and tHebasis functions are crucially
Information). The relative errors between the B3LYP (unscaled) 'mportant for reproducing the frequencies. Nevertheless, in
and the experimental harmonic frequencies are as follows: 0.9%,'€cent years, several MP2 calculations have been reported in
0.3%, 0.5%, and 0.7% for the modes Q28, Q30, Q31, and Q32’WhICh the authors neglected to carefully investigate the forms

respectively. of the normal mode& 34 This may cause an erroneous assign-
The anharmonicity constants for th&OH) and »(OD) ment of the MP2-calculated frequencies of phenol and its

vibrations of Ph-OH and Ph-OD are 85 and 44 &f# hydrogen-bonded complexes.

respectively. These constants giwvevalues of 3781 and 2754 In Table 1 are compared the theoretical results calculated for

cm1 for v(OH) andv(OD), respectively. The B3LYP-calculated phenol by the B3LYP/6-31t+G(df,pd) and the MP2/6-31G-
unscaled harmonic frequencies of these stretching vibrations are(df,p) methods. Several inconsistencies between the B3LYP and
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TABLE 3: Comparison of the Experimental and Theoretical Frequencies of the “Troublesome” Vibrational Modes in Benzene
and Phenol, Calculated with the MP2 and B3LYP Methods and Different Basis Sets

MP2° B3LYP®
6-31G 6-31G 6-311G 6-31G 6-311G 6-3114-+G
modes exp (d,p) (df,p) (2d,2p) TZ2P+-f (df,p) (2d,2p) (df,pd)

mode 4 (benzene) 707 490 507 641 684 707 709 723
Q8 (phenol) 686 456 453 644 687 690 660
mode 5 (benzene) 990 902 889 920 996 1001 996 1021
Q14 (phenol) 972 895 875 910 969 972 962
mode 14 (benzene) 1309 1438 1437 1410 1461 1318 1301 1335
Q22 (phenol) 1330 1448 1446 1423 1326 1318 1324

aThe experimental results for benzene are from ref 29, for phenol, the results are olrMB&frequencies were scaled by 0.98, except as
indicated.c B3LYP frequencies were scaled by 0.9&Jnscaled frequencies are from ref 30.

a: experimental

MP2 results are evident. The MP2 frequencies of the out-of- b e
plane vibrations corresponding to the normal modes Q9, Q12, o MP2
Q13, and Q14 are underestimated by about 40, 68, 96, and 100 d: PED(%) calculated with B3LYP
cm™1, respectively. However, the most striking fact is that the
MP2 frequency of the ring puckering mode (Q8) is lower than
the experimental one, by as much as 230 §ndespite the use
of thef polarization functions in the basis set. Furthermore, the
MP2-predicted frequency of the mode Q22 is too high by about
112 cntt when compared to the experimental data. As follows
from Table 2, similar inconsistencies are observed for the
deuterated phenol. The MP2/6-31G(df,p) method does not
reproduce the frequencies of the following modes: Q8, Q9, Q11,
Q12, Q14, Q15, and Q22 in Ph-OD.

For comparison, similar calculations have been performed ,. 707 990 1309
for benzene. From the detailed examination of the calculated b: 707 1001 1318
potential energy distribution (PED) for benzene, it is clear that v it VCO(B4) » SCH(18)
the MP2 method fails in predicting the frequencies of the

BENZENE

mode 4 (B,y) mode 5 (Bag) mode 14 (Bz,)

IiNg(100) yCH(100)

analogous normal modes. In Figure 2 are illustrated the three PHENOL

troublesome normal modes in benzene and the corresponding = ("\y@
modes in phenol, for which the MP2-predicted frequencies show AL ) ES i
the largest error with experiment. In this figure, comparison is N ey &;jw*’gff“—"i:ﬁ;;)
made between the experimental frequencies and those computed }3’ \}f E .
by the B3LYP and MP2 methods with the same basis set, 4}/;:1\\\(6&}% Al

;o {
?jﬁjs‘ M‘(S"/ Y[;;\ - }’QZ;)

6-31G(df,p). The atom displacements and PEDs are taken from ¥
the B3LYP calculations. * i Ew

In benzene, mode 4 (8 is observed at 707 cm.2° This mode Q8 (A" mode Q14 (A7 mode Q22 (A)
mode is called the ring-puckering vibration (and is designated a: 686 972 1330
by the symmetry coordinate in ref 21). The B3LYP-calculated > il Jost o
frequency of this mode is in perfect agreement with experiment, d  ring(96) YCH(100) VCC(75) + 5CH(21)

whereas the MP2 frequency is dramatically too low, by about rigyre 2. The three “troublesome” normal modes in benzene and
200 cml. Analogous results have been obtained for the phenol: theoretical frequencies, calculated by the B3LYP and MP2
corresponding mode Q8 in phenol, as is shown in Figure 2. methods with the 6-31G(df,p) basis set, versus experimental data.

In mode 5 (Bg), the amplitudes of the motion of the hydrogen
atoms are larger than those in mode 4. Therefore, mode 5 inuse of the 6-311G(2d,2p) basis set improves the MP2 results
benzene, and the corresponding mode Q14 in phenol, arewhen compared to those predicted at the MP2/6-31G(df,p) level.
interpreted as arising from the out-of-plane CH vibrations. The However, the frequency of mode 14 in benzene, and that of
MP2-calculated frequencies of these modes are underestimatednode Q22 in phenol, shows still a large departure from the
by about 100 cm! when compared to the experimental data. experimental ones. In Table 3, we have also shown the results

The third troublesome mode 14 {B in benzene, and the reported for benzene by Handy ef&iTheir calculations at the
corresponding mode Q22 in phenol, have predominant contribu-MP2/TZ2P+f level yielded the frequencies of modes 4 and 5
tions from the CC stretching vibrations (84% and 75%, in satisfactory agreement with experiment; however, the fre-
respectively). As shown in Figure 2, the MP2 computations yield quency of mode 14 in benzene is the most overestimated (by
much too high frequencies: the experimental values are 152 cntl). In contrast to the MP2 results, all B3LYP-calculated
overestimated by 128 cm for benzene and by 112 crhfor frequencies are in excellent agreement with experiment, as
phenol. In contrast, the B3LYP/6-31G(df,p) calculated frequen- shown in Table 3. In particular, the frequencies computed at
cies of these modes are in very good agreement with experimentthe B3LYP/6-31G(df,p) level reproduce very well the experi-

To examine the basis set dependence of these modes, we haveental data for phenol. A further increase in the basis set in
performed the MP2 and B3LYP calculations on benzene and the B3LYP calculations does not seem to improve the results
phenol using different basis sets. The results for the problemati- obtained for both the molecules.
cal normal modes are compared in Table 3. It is seen for modes A similar failure of the MP2 method in calculating vibrational
4 and 5 in benzene (and modes Q8 and Q14 in phenol) that thespectra has been encountered in our earlier studies on bicy-
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clobutene (GH,),3®> which is a nonplanar, highly strained (5) Sodupe, M.; Oliva, A.; Bertrg J.J. Phys. Chem. A997 101,
molecule with an unsaturated CC bond. Simandiras ¥tralve 9142.
also reported anomalous frequency lowering in the MP2  (6) Re, S.; Osamura, Y1. Phys. Chem. A998 102 3798.
calculations of acetylene and ethylene. (7) Schiefke, A.; Deusen, C.; Jacoby, C.; Gerhards, M.; Schmitt, M.;

The question arises why the MP2 method fails in predicting Kleinermanns, K.; Hering, Rl. Chem. Phys1995 102, 9197.
the frequencies of some modes in aromatic and unsaturated (8) Zierkiewicz, W.; Michalska, D.; Zeegers-Huyskens, JT.Phys.
molecules? The examination of the out-of-plane displacementsChem' A200Q 104, 11685. _
of the carbon atoms, in mode 4 (and mode Q8 in phenol), reveals, C(g) ROg‘H V\éoég‘g%fz F;-‘?weerhardsv M.; Schumm, S.; Kleinermanns,
that distortion of the molecule along these normal coordinates ™ em. Fhys _ : B
will elongate all G-C bonds, as displayed in Figure 2. Further 19é170)245f32"" D.; Brand, J. C. D.; Williams, D. Rl. Mol. Spectrosc.
distortion may, eventually, lead to a hypothetical puckered (1’1) \’Nilso.n H. W.; MmacNamee, R. W.: Durig, J. . Raman
_srt}zuctutrhe Ol\f/l tlilze rm?ﬁwdhlchtﬁcmslsti of th(ta rgdllcal cfarbon atoms. Spectrosc1981' 11 252, ' ' '

US.’ e. . method, wi € inheren smg g-re eren?e wave (12) Vvarsanyi, GAssignments for Vibrational Spectra of 700 Benzene
function, is inadequate for a proper description of different perj atives wiley: New York, 1974.
electron configurations that should b_e considered in this n?rmaln (13) Rospenk, M.; Czamik-Matusewicz, B.. Zeegers-Huyskens, T.
mpde. The use of the very Iarge bZ.iSIS sgt may somewhat “cure”spectrochim. Acta 2001, 57, 185.
this MP2 deficiency, by adding orbitals with angular momentum 14y maler, C.; Plesset, M. SPhys. Re. 1934 46, 618.
beyond that of the grou_nd_glectronlc state. Interestingly, _these (15) Becke, A. D.J. Chem. Physl993 98, 5648. Becke, A. DJ. Chem.
modes do not .show significant basis-set dependence in thephys 1996 104 1040.
B3LYP calculations. _ ~ (16) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 198§ 37, 785.

In the case qf normal mode 14 in benzene (and mode Q22in (17) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, I.AChem. Phys.
phenol), distortion of the molecule along the normal coordinates 198q 72, 650.
will lead to one of the Kekulr_e structures of the_ ben_zene rng,  (18) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Phys1984 80,
as noted by Handy et &.During this in-plane distortion, the  3265.
electron density between two carbon atoms markedly increases (19) Baker, J.; Jarzecki, A. A.; Pulay, B. Phys. Chem. A998 102,
in each “shorter” G-C bond. The MP2 method overestimates 1412.
dynamical electron correlation effects during this normal mode.  (20) Rauhut, G.; Pulay, B. Phys. Chem. A995 99, 3093.
The predicted force constant is too high, which means that the (21) Fogarasi, G.; Pulay, P. Wibrational Spectra and Structur®urig,
MP2 potential surface for this normal mode is too steep. This, J. R., Ed.; Elsevier: New York, 1985; Vol. 13.
in turn, yields a too-large value of the vibrational frequency of = (22) Nowak, M. J.; Lapinski, L.; Bienko, D. C.; Michalska, D.
this mode. According to the results collected in Table 3, a further Spectrochim. Acta A997, 53, 855.
enlargement of the basis set does not improve the MP2 results (23) Bietko, D. C.; Michalska, D.; Roszak, S.; Wojciechowski, W.;
for these modes. It is interesting that calculations at the HF/6- Nowak, M. J.; Lapinski, L.J. Phys. Chem. AL997 101, 7834.
311++G(df,pd) level (Table 1S) underestimate the frequency  (24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
of mode Q22 in phenol, by almost 240 chThis is consistent M- A Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,

ith the fact that the frequency of this mode depends on the R, E.; Burant, J. C; Dapprich, S.; Millam, J. M., Daniels, A. D.; Kudin, K.
wit ; q .y ) p N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
electron correlation effects (being neglected in the HF method). rR.; Mennucci, B.: Pomelli, C.. Adamo, C.; Clifford, S.: Ochterski, J.:
These results clearly show that both the MP2 and HF methodsPetersson, G. A.; Ayala, P. A.; Cui, Q.; Morokuma, K.; Malick, K. D.;
are inadequate for calculation of the frequencies of modes 14\'j?bgt‘;';éﬁb\?-3BRaBgh?_‘i’SChGaT"L’i(é?sEg;izmi”_v gifkggloélqvfg%;}gggn?J'
in benzene ar\d Q22.|n phenpl. Therefore, it is really outstanqllng G(‘)mperts' R.: Martin, R. L.: Fox, D. J.: Keith. T.: Al.-Laham, M. A.. Pe’ng’,
that the hybrid dens}ty funcuona'.me'[h()d (B3LYP), even with ¢, v.; Nanayakkara, A.; Gonzales, C.; Challacombe, M.; Gill, P. M. W.;
the use of the medium-size basis set 6-31G(df,p), overcomesJohson, B. G.; Chen, W.; Wong, M.; Anders, J. L.; Head-Gordon, M.;
this problem and excellently reproduces the frequencies of all Replogle, E. S.; Pople, J. Asaussian 98 (Reésion A1) Gaussian, Inc.:
troublesome normal modes in aromatic molecules. Pittsburgh, PA, 1998.

(25) Wilson, E. B., JrPhys. Re. 1934 45, 706.
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