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The molecular structures @fchlorophenol ang-bromophenol have been calculated with the MP2, DFT-
(hybrid), and HF methods using the extended 6-B1G(df, pd) basis set. The geometrical parameters of
p-CIPh andpBrPh in the gas phase have not been reported as yet. The results show that substitution of
phenol with o-electron-withdrawing groups (Br and CI) leads to small shortening of th€ @nd C-O

bonds and small changes in the CCC angles. The structural changes of the phenol ring are governed mainly
by the electronegativity of the para-substituent and, to a lesser extend, by resonance factors. The FT-IR spectra
of p-CIPh,p-BrPh, and their OD counterparts were measured in, @@l cyclohexane solutions in the frequency

range of 3708-400 cnT?, and the integrated infrared intensities were determined. The theoretical harmonic
frequencies and infrared intensities were calculated for all the molecules using the DFT and HF methods.
The best overall agreement between the calculated and experimental spectra has been obtained at the B3LYP/
6-311++G(df,pd) level. A clear-cut vibrational assignment is made on the basis of the calculated potential
energy distribution (PED). The effect of theCl and p-Br substituents upon the characteristic phenolic
frequencies and infrared intensities is discussed; in particular, it is shown that both the OH and OD torsional

frequencies are related to the nature of the substituent.

Introduction we calculated the potential energy distributions. A clear-cut

Phenol has been the subject of numerous studies, since it isassi_gnment of the_ vi_brational spectra [s repqrted which aims to

a good model for the investigation of hydrogen bor;ding and F:Ianfy the contradictions encognteredlln earllerlworks. Interest-
roton transfer in enzymes and other systems containing arylmg effect_s of theg-electron-withdrawing substltgents on the_

zlcohols In contrast to the data for phenol, relatively few dat phenol ring geometry and on the characteristic phenolic

: - P ’ y lew data frequencies and infrared intensities are presented.

are available for para-substituted halophenols. As yet, the

experimental gas-phase structurepaifa-chlorophenol g-CIPh) Methods

and para-bromophenol g§-BrPh) are unknown. In a previous

papert we reported a detailed study for phenol using HF, MP2,

and DFT(BLYP) methods and showed that density functiona

is superior to the other methods (including MP2) in reproducing the valence tripleé basis set is augmented by polarization

vibrational frequencies. In earlier experimental wotkihe . o .
hydrogen-bonded complexes between the halophenol delrivatiVesfunctlons (sets of d and f polarization functions for heavy atoms
and p and d functions for hydrogen) and supplemented by s, p,

and purines or aliphatic amides have been investigated. Brzez- . . . : -
inskipet al® have sqfudied the proton potential as agfunction of and' d dn‘fuge functions. .Th.'s. choice of basis set leads o 300
the pK, of the para-substituted halophenols involved in the ba3|s_ functions (‘_16.0. primitives) fop-CIPh and :.318 _ba3|s
intermolecular hydrogen bonds. The experimental infrared functions (501 pnmmyes) forp-bromophenol, which is the
spectra op-CIPh andp-BrPh have been investigated by many largest such computation reported on the.se. molec_ules to date.
workers3~8 However, the reported band assignment is often The geometries of the molecules were opt|m|zed W't.h the MP2,
contradictory. So far, the complete infrared intensities have not HF, and DFT methods. Among the density functionals, the

: . llowing were applied: three-parameter hybrid methods,
been published, and normal coordinate analyses have not bee v .
madeF:‘l:)r ';hese molecules ! y v 3LYP.12and B3PW9L3 and a one-parameter hybrid method,

In this work, we have undertaken an extensive density mTrm;ﬁW?hle 'néfﬂgffdorifneq?ztgig?,’ff,ﬁ:go i?f%r?nzggnjﬁ der
functional study of the molecular structures, vibrational frequen- the relaxyayltion gf all inte)r/nail) dearees of free do?n and the results
cies, and infrared intensities ptCIPh, p-BrPh, and their OD 9 ’

counterparts. The theoretical studies were complemented by arevealed that both molecules are planar. To obtain the symmetry

detailed infrared spectroscopic investigation of these molecules.?golr; %runreasl argggrisiﬁ V\;er@Sre(;E)rfltmlrzoeud ;h%;t(reltjrctu_rl_ehserggfigrese
To obtain better insight into the nature of the normal modes, _. : 9 point group symmetry. ’
vibrational frequencies and infrared intensities were calculated

) I . with the DFT and HF methods. Normal coordinate analyses were
* Corresponding author. E-mail: michalska@ichn.ch.pwr.wroc.pl. . . . .
t Technical University of Wroctaw. performed, as described previously for six-membered cyclic
* University of Leuven. molecules® The influence of CGJsolvent on the spectra was

Theoretical. To account for both the electronegativity and
| polarizability of the Cl and Br atoms, we have used the extended
basis set of Pople and co-workers, 6-3HG(df,pd)?21° This
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Figure 1. Atom numbering in the studied molecules.
TABLE 1. Bond Lengths (A) and Bond Angles (deg) of -0.02 A
p-Bromophenol and p-Chlorophenol (p-XCe¢H4OH, X= Br or
Cl) Optimized with MP2 and B3LYP Methods Using the
6-311++G(df,pd) Basis Set -0.03
O N I o8 © ¥ v @ < I I T
MP2/6-311+G(df,pd) B3LYP/6-311+G(df,pd) 3 Q9 £ Q@ Q Q Q 9 9 & ¢ ¥ &
O ¢ 0 - N ® T w o © O 0O O O
X=H X=Br X=Cl X=B8r X =Cl © © 0 o0 o 00
C4—X 1.0840 1.8848 1.7282 1.9133 1.7579
C1-07 1.3649 1.3629 1.3636 1.3651 1.3658 o [deg.] B
O7-H 0.9602 0.9603 0.9603 0.9622 0.9621 3.5
Cl-C2 1.3959 1.3956 1.3954 1.3934 1.3930
C2-C3 1.3952 1.3948 1.3943 1.3914 1.3909
C3-C4 1.3937 1.3927 1.3917 1.3873 1.3873
C4—C5 1.3963 1.3957 1.3943 1.3906 1.3904
C5-C6 1.3923 1.3915 1.3912 1.3879 1.3875
C6—C1 1.3955 1.3957 1.3954 1.3937 1.3935
C2—H 1.0869 1.0867 1.0866 1.0846 1.0846
C3—H 1.0849 1.0839 1.0839 1.0813 1.0812
C5—-H 1.0849 1.0839 1.0840 1.0814 1.0813
C6—H 1.0842 1.0843 1.0841 1.0819 1.0819
C1-C2-C3 119.80 120.28 120.24 120.20 120.23
C2-C3—-C4 120.40 11955 119.65 119.53 119.52
C3—C4-C5 119.39 120.47 120.36 120.63 120.63
C4-C5-C6 120.63 119.74 119.86 119.76 119.76
C5-C6-C1 119.64 120.16 120.11 120.05 120.07
C6-C1-C2 120.14 119.80 119.78 119.83 119.80
C5—-C4-X 120.34 119.78 119.82 119.67 119.65
C6—-C1-07 117.21 117.28 117.28 117.40 117.41
C1-O07-H 108.11 108.35 108.30 110.04 110.04
C3—-C2—-H 120.23 119.56 119.63 119.58 119.59 ® w - — T T T
C5-C6—H 121.45 120.83 120.86 120.76 120.78 o Q Q &:3 ~ s b
C4-C3—H 120.24 120.31 120.03 120.48 120.26 8 3 8 Q Q Q Q
C4-C5-H 120.05 120.13 119.86 120.28 120.04 - o™ by 0 o o 5
O O 3 ©

a . - .
The MP2-optimized geometry of phenol is included for comparison. Figure 2. (A) Differences between the bond lengths piCIPh

. . . calculated with the B3LYP, mPW1PW, and HF methods and those
studied using the Onsager modeThe changes in the BSLYP-  computed at the MP2 level. (B) Differences between the corresponding
calculated frequencies were less than 3~&rfincluding the bond angles calculated with these methods.

“sensitive” OH stretching modes), which indicated that the

theoretical results obtained for the gas-phase molecules couldby a very weak IR intensityyCH vibrations) were recorded in

be used for the interpretation of the experimental spectra extended scale.

recorded in inert solvents. The phenols, purchased from Aldrich, were recrystallized
All calculations have been carried out with the Gaussian 98 from g petroleuntether mixture. The solvents from Janssen

packagé’ running on Cray J916 and CSGI Origin 2000 Chimica were dried on molecular sieves. Pher@Ds were

supercomputers. prepared by several exchanges in metha@iD (Cambridge
Experimental. The FT-IR spectra ofp-ClPhenol andp- Isotope Laboratories, 99%). About 90% deuteration was achieved.

BrPhenol and their OD counterparts were measured at 298 Kror reliable results, the infrared intensities of #(©D) and

in carbon tetrachloride (3766850 cm) and cyclohexane  5(OD) bands were multiplied by a factor of 1.1.

(850—400 cnTY) solutions at a concentration of 0.05 mol dn

The spectra were recorded on a Bruker 66 FT-IR spectrometerp .o its and Discussion

equipped with a KBr beam splitter, a Globar source, and a

DTGS detector. The spectra were recorded at 2a@solution A. Structural Parameters. An accurate prediction of the

using a KBr liquid cell. The integrated intensities were deter- geometrical parameters f@-CIPh andp-BrPh is of special

mined using the Bruker OPUS software, and overlapping bandsinterest because there is no experimental structure reported for

were deconvoluted with the same software. Bands characterizedhese molecules in the gas-phase.
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TABLE 2: Vibrational Frequencies (cm~2), IR Intensities (km mol~1), and Band Assignments forp-Chlorophenol (p-CIPh)

exp. B3LYP/6-31%+G(df, pd)
sym va A IreP ° A PEDX [%]
Q1 A" 123 0 73ring(54),yCCI(25),7.ring(19)
Q2 A 256 2 0CCI(76),0C0O(13),¥(C—C)(10)
Q3 A 303 300 102 TOH(95)
Q4 A 331 320 10 yCCl(42),71ring(28),yCO(22)
Q5 A 382 373 1 02ring(48),v(C—Cl)(38)
Q6 A" 414 1 72ring(75),73ring(25)
Q7 A 423 0.9 3 417 10 dCO(65),03ring(15),0CCI(13)
Q8 A 501 4.0 11 503 21 yCO(40),7aring(25),yCCI(12)
Q9 A 644 5.7 16 633 42 v(C—CI)(36), 62ring(26),v(C—0)(13)
Q10 A no 637 1 03ring(75)
Q11 A 668 0.5 1 675 0 T1ring(85)yCO(15)
768 1.1
Q12 A" 788 13.6 37 793 19 yCoH(63), yC3H(26)
Q13 A no 822 2 »(C—C)(45),7(C—0)(22),52ring(16)
Q14 A 823 11.3 31 822 47 yCeH(52),yCsH(34),yCO(14)
Q15 A no 908 1 yCaH(61),yC,H(27), yCsH(12)
Q16 A no 949 0 yCsH(51), yCsH(40)
Q17 A 1010 2.3 6 1007 9 01ring(56),(C—C)(30),0CH(11)
Q18 A 1096 19.7 54 1081 34 v(C4—Cs)(24),v(Cs—C4)(19),v(C—Cl)(19)
Q19 A 1112 0.3 1 1102 26 OCH(53),1(C—C)(38)
Q20 A 1166 20.4 56 1171 8 OCH(77),v(C—C)(22)
Q21 A 1176 35.6 97 1164 173 OOH(55),7(C1—Cs)(15), 5CeH(11)
Q22 A 1259 35.3 96 1260 108 »(C—0)(51),¥(C—C)(23),0CH(16)
Q23 A 1293 2 O0CH(44),v(Cs—C4)(21),v(Cs—Cs)(20)
Q24 A 1320 4.8 13 1328 25 OCH(43),v(C—C)(35),00H(19)
1341 0.6
Q25 A 1424 11.1 30 1430 24 »(C—C)(45),0CH(34),00H(10)
Q26 A 1494 60.4 165 1497 152 OCH(56),v(Cs—C4)(13)
Q27 A 1594 9.4 26 1597 17 v(C1—C,)(28),v(Ca—Cs)(20)
Q28 A 1606 6.5 18 1611 18 v(C1—Cg)(22), v(Co—C3)(17),
V(C5_ Ce)(lG), V(Cg-C4)(12)
Q29 A 3010 2.1 6 3096 13 »(Co—H)(97)
Q30 A 3038 vw 3129 2 »(Cs—H)(67),v(Cs—H)(33)
Q31 A 3064 vw 3140 2 »(Cs—H)(94)
Q32 A 3073 ww 3144 1 »(Cs—H)(64), v(Cs—H)(32)
Q33 A 3609 55.9 151 3758 71 »(O—H)(100)

2 From the IR spectra of cyclohexane and £&ilutions. Abbreviations: no, not observed; vw, very wédke, integral absorbances of absorption
bands normalized in such a way that the observed intensity sum of all bands is equal to the B3LYP-calculated intensity sum of the corresponding
modes ¢ Frequencies scaled by 0.98Predominant contributions (those below 10% are summarized and given as a®R&dlB (cyclohexane
solution).f Ref 5 (solid).? Fermi resonancé.Reordered modes.

According to the results obtained with all the theoretical in the parent phenol computed by the MP2 method (0.960 A)
methods, both the-BrPh andp-CIPh molecules are planar. is in excellent agreement with the experimental value of 0.958
Figure 1 shows the numbering of atoms of the title molecules. A recently reported for phenol vapét.

In Table 1 are listed the theoretical bond lengths and bond angles The MP2-calculated CC bond lengths and angles, although
of p-BrPh andp-CIPh, optimized with the MP2 and B3LYP  only slightly different in the studied molecules, show the
methods using the 6-3%G(df,pd) basis set (tables with the  sensitivity of electron density distribution toward para-substitu-
results obtained from the remaining theoretical methods are tion at the phenol ring. It is seen from Table 1 that the@
available as Supporting Information). The geometrical param- bond lengths systematically decrease in the series phenol
eters of the parent phenol have also been calculated at the MP2p-BrPh > p-CIPh. The most pronounced changes are noted for
6-311++G(df, pd) level in this work, and they show very good the G—C4and G—Cs bonds adjacent to the substituents. These
agreement with the experimental results reported for phenol in changes are on the magnitude of 0.002 A in p-CIPh and 0.001

refs 1 and 18. Thus, it is expected that the structurgsatfioro A'in p-BrPh. Moreover, the MP2 results reveal small distortions
andp-bromo derivatives of phenol, optimized at the same level of the CCC angles in the ring. TheCiCs angle at the position
of theory, should be quite accurate. of CI/Br substitutent is larger, whereas the two neighboring

As is seen in Table 1, the-Br and C-Cl bond lengths in angles, GC3C, and GCsCg, are smaller than those in phenol
these molecules are 1.8848 and 1.7282 A, respectively. Theby about 2. It is interesting that the MP2-predicted regular
B3LYP functional yields G-Br and C-Cl distances longer than  shortening of the €-C, and G—Cs bonds follows the order
the MP2 values by about 0.03 A. All the theoretical methods of increasing electronegativity of the atoms: +Br < Cl.
consistently indicate that the-€@ bond inp-BrPh is slightly Thus, substitution at the 4 position of the phenol ring by the
shorter than that ip-CIPh. Moreover, according to the MP2  o-electron-withdrawing atom (Br or Cl) leads to a slight
results, this bond is shorter than that in the parent phenol. Theshortening of the adjacent CC bonds and to an opening of the
MP2-calculated €0 bond lengths are as follows: 1.3629 A corresponding CCC angle. These geometric changes have been
for p-BrPh, 1.3636 A fop-CIPh, and 1.3649 A for phenol. It  thoroughly discussed for monosubstituted benzéh&sAc-
is quite striking, however, that the calculated phenolic OH bond cording to the results obtained at the MP2 level, the-Cs
length is almost unaffected by the ring substitution, as shown and G—Cs bonds are slightly shortened by about 0.001 A in
in Table 1. It should be emphasized that the OH bond distance p-CIPh and by less than 0.001 A jmBrPh compared to those
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TABLE 3: Vibrational Frequencies (cm~2), IR Intensities (km mol~1), and Band Assignments forp-Chlorophenol—OD
(p-CIPh—OD)2

exp. B3LYP/6-31%+G(df, pd)
sym v A IRel ) A PED [%]
Q1 A’ 121 0 Taring(53),yCCI(24), 7ring(19)
Q2 A 227 222 57 TOD(98)
Q3 A 253 2 0CCI(72),0CO(16),»(C—C)(11)
Q4 A 320 3 yCCl(45),7:ring(30),yCO(22)
Q5 A 370 2 02ring(47),v(C—CI)(37)
Q6 A 401 9 0CO(61),0CCI(15),0sring(14)
Q7 A’ 419 0.7 2 414 0 T21ing(76), 7aring(24)
Q8 A 501 135 31 503 18 yCO(40),73ring(26),yCCI(12)
Q9 A 641 21.2 49 629 36 »(C—CI)(35), 92ring(23),7(C—0)(13)
Q10 A no 636 3 03ring(74),v(C—C)(12)
Q11 A 697 0.3 1 675 0 T1ring(83),y C10(17)
Q12 A 799 2.1 5 793 17 yC,H(63),yCsH(26)
Q13 A no 816 0 »(C—C)(45),7(C;—0)(19),02ring(18)
Q14 A" 823 42.1 98 822 50 yCeH(52), yCsH(34), yCO(14)
Q15 A no 908 1 yCaH(69), yC,H(31), yCsH(12)
938 1.8

Q16 A 918 7.3 17 912 82 o0D(81)
Q17 A’ no 949 0 yCsH(57), yCsH(44), yCsH(10)
Q18 A 1010 4.1 10 1007 12 01ring(56),v(C1—C2)(13), v(C1—Ce)(11)
Q19 A 1093 20.7 48 1082 46 ¥(Ca—Cs)24,v(C3—C4)(20), »(C—Cl)(20)
Q20 A 1112 0.2 1 1108 11 OCH(62),»(C—C)(33)
Q21 A 1165 20.6 44 1171 15 OCH(78),¥(C—C)(21)

1176 18.9
Q22 A 1252 54.1 125 1253 152 »(C1—0)(52),(C—C)(22),01ring(10)

1280 0.5
Q23 A 1298 15 3 1291 4 »(C—C)(81),0CH(18)
Q24 A 1321 0.5 1 1306 8 OCH(71),»(C—C)(23)
Q25 A 1412 1.1 2 1418 4 »(C—C)(51),0CH(37)

1424 1.7
Q26 A 1492 69.1 160 1496 175 OCH(57),»(C—C)(41)
Q27 A 1590 3.2 7 1591 5 ¥(C1—C2)(25), ¥(C4—Cs)(20),v(C1—Cs)(14)
Q28 A 1601 11.9 28 1609 30 v(Cs—Cs)(21), ¥(C,—C3)(20), »(C1—Ce)(15)
Q29 A 2666 30.5 71 2735 46 »(O—D)100
Q30 A 3029 25 6 3096 14 »(Co—H)(97)
Q31 A 3038 w 3129 2 »(Cs—H)(67),v(Cs—H)(33)
Q32 A 3059 vw 3140 2 »(Cs—H)(94)
Q33 A 3072 w 3144 1 »(Cs—H)(64), v(Cs—H)(32)

a Same abbreviations as those under Table 2.

in the parent phenol. These effects coupled with the shorteningand CCH bond angles agree with the MP2 results; however,
of the C-0 bond may be due to electron density delocalization the DFT-optimized COH angle is slightly larger (by £.2.5%).
within the aromatic ring. It seems that the-C distances are It should be emphasized that the MP2-optimized COH angle
governed chiefly by the electronegativity of the substituents and, for phenol, 108.11 (this work), is in excellent agreement with
to a less extent, by resonance factors. A considerable contribu-the value of 108.8+ 0.4° determined for phenol vapor by
tion of the quinoid structure is not justified for the title mole- microwave studie$®

cules, which is in agreement with the gas-phase studies on the B. Infrared Spectra. The infrared spectra gb-CIPh—OH
acidity of para-substituted derivatives of phenols and related andp-CIPh—OD (in CCl, solution), in the frequency range of
systemg! It is also interesting to note that the exocyclic CCH 1650-800 cnt?, are illustrated in Figure 2. The theoretical
angles for hydrogen atoms in the ortho position to the chlorine infrared spectra op-CIPh, p-BrPh, and their OD-deuterated
or bromine atom show a small dependence on the substituentderivatives, calculated with different theoretical methods, were

All theoretical methods have revealed that th€4E1 and GCsH compared with the experimentally determined frequencies and
angles inp-CIPh are smaller than thoseprBrPh by about 0.3 infrared intensities of these molecules. The best overall agree-
This may be attributed to the fact that the @ interaction is ment between the calculated and experimental spectra has been
slightly stronger than the BrH interaction. obtained at the B3LYP/6-311+G(df, pd) level; therefore, only

The performance of different methods in predicting molecular these theoretical results are presented along with the experi-
structures of the title molecules is illustrated in Figure 2 for mental data in Tables-25. Vibrational assignments are made
p-CIPh (very similar results have been obtained ffeBrPh). on the basis of the calculated potential energy distribution (PED).
As follows from Figure 2A, the HF method yields<©, O—H, OH Vibrations.In the title molecules, the frequencies of the
C—C, and C-H atom distances that are too short compared to OH stretching and torsional vibrations are the most sensitive to
the results obtained with the MP2 and DFT methods. Further- intermolecular interactions and can be used as a sensitive probe
more, it is apparent from Figure 2B that the HF method for studying hydrogen bonding or self-association. Moreover,
overestimates the COH angle by abodt Bhe bond lengths  Fateley and co-workefshave shown that the OH torsional
calculated with all the DFT methods are very similar to the frequency is directly related to the-electron distortions in
corresponding MP2 results, except for the €l bond length, aromatic systems. These authors investigated the OH torsional
which is slightly overestimated with density functionals (by vibration in the para-substituted phenols and have concluded
0.012-0.030 A). The DFT-predicted values of the CCC, CCX, that z-electron-donating substituents lower the OH torsional
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TABLE 4: Vibrational Frequencies (cm~2), IR Intensities (km mol~1), and Band Assignments forp-Bromophenol (p-BrPh)?2

exp. B3LYP/6-31%+G(df, pd)
sym v A IRel 1) A PED [%]
Q1 A" 109 0 73ring(48),yCBr(33),72ring(17)
Q2 A 215 1 OCBr(82)
Q3 A 284 1 v(C—Br)(58), 02ring(31)
Q4 A’ 302 31 TOH(38),yCBr(31),z:ring(19)
Q5 A’ 311 81 TOH(62),yCBr(15),yCO(11)
Q6 A 411 1 721ing(75), 7aring(25)
Q7 A 417 1.5 4 412 11 0CO(70),03ring(14)
Q8 A’ 500 4.8 12 497 19 yCO(39),75ring(26),yCBr(10)
Q9 A 606 35 9 596 31 d2ring(44),v(C—Br)(25), »(C—0)(13)
Q10 A 649 0.0 0 635 0 0a1ing(77)
Q11 A’ 668 2.4 6 650 0 71ring(83),yCO(17)
Q12 A 788 4.2 11 792 23 yCoH(67), yC3H(26)
Q13 A 798 0.5 1 818 2 »(C—C)(42),v(C—0)(23),.ring(16)
Q14 A 821 10.6 28 820 40 yCsH(55), yCsH(34), yCO(13)
Q15 A’ no 904 1 yCaH(62), yCoH(27), yCsH(11)
Q16 A no 949 0 yCsH(52), yCsH(38), yCsH(10)
Q17 A 1012 9.4 24 1003 15 01ring(58),(C—C)(29)
Q18 A 1071 14.1 37 1062 20 v(C4—C5)(29), v(Cs—C4)(24), v(C—Br)(12)
Q19 A 1093 8.7 22 1102 22 v(Co—C3)(17),v(Cs—Cg)(15), 5CsH(15)
1108 1.0
Q20 A 1167 33.8 87 1173 8 OCH(76),1(C—C)(22)
Q21 A 1176 18.8 49 1164* 181 O00H(54),v(C1—C)(15), 6CeH(12)
Q22 A 1259 47.3 122 1260 126 »(C—0)(51),¥(C—C)(23),0CH(16)
Q23 A 1293 3 »(C—C)(58),0CH(40)
Q24 A 1320 8.9 23 1327 24 OCH(49),7(C—C)(33),00H(18)
Q25 A 1423 19.9 51 1427 25 »(C—C)(45),0CH(34),00H(10)
Q26 A 1489 62.5 162 1493 139 OCH(56),1(C—C)(43)
Q27 A 1590 12.8 33 1594 24 1(C1—C2)(29), v(C4—Cs)(19)
Q28 A 1601 1.7 5 1607 19 v(C1—Cg)(25), v(Co—C3)(16),
V(Cg—C4)(14), ’V(Cs-Cs)(l4)
Q29 A 3000 2.4 6 3096 13 v(Co—H)(97)
Q30 A 3012 0.8 2 3128 2 »(Ce—H)(62), ¥(Cs—H)(38)
Q31 A 3035 vw 3138 2 »(Cs—H)(94)
Q32 A 3060 vw 3142 1 »(Cs—H)(60), ¥(Cs—H)(37)
Q33 A 3607 47.2 122 3756 73 »(O—H)(100)

a Same abbreviations as those under Table 2.

frequency. This has been confirmed by our calculations. For pBrPh, the OH stretching vibrations are observed at higher
p-CIPh (Table 2), the B3LYP-predicted frequency of the OH frequencies, 3657 and 3655 cm! [NIST Chemistry Web-
torsional vibration (Q3), 300 cm, is in nearly perfect agree-  Book], which may indicate some intermolecular interaction in
ment with the experimental values, 302 thfvapor) and 303 CCl, solution. The calculated harmonic OH stretching frequen-
cm! (cyclohexane solutior) In the unsubstituted phenol, the cies are overestimated, since these vibrations are known to be
OH torsional vibration has been assigned at higher frequencies strongly anharmonic. Nevertheless, all the DFT methods
309.2 cnt? (vapor) and 310 cmrt (cyclohexane solutior) The consistently indicate that the OH stretching vibratiopi@IPh
analogous effect has been noticed for the deuterated derivativesis very slightly higher by 2 cm! when compared to the-BrPh

As shown forp-CIPh—OD (Table 3), the calculated frequency derivative, and this is in accordance with the experimental data.
of the OD torsion (Q2), 222 cr, is in very good agreement In our previous DFT calculations of unsubstituted phénol,
with the experimental value of 227 crh In the deuterated it has been shown that the OH in_p|ane bending Vibratﬁ)n,
phenol, the OD torsion has also been observed at a higher(oH), contributes mainly to two modes, observed at 1176 and
frequency, 247 cm'.® 1343 cn1?, in the gas-phase spectrum. Very similar results have

According to the PED calculated fgrBrPh (Table 4), the  been obtained in this work for theCl andp-Br derivatives of
OH torsional vibration is coupled with the CBr out-of-plane phenol. As shown fop-CIPh (Table 2), the mode Q21 has
vibration, y(CBr). Thus, the effect of the para-substitution on predominant contribution (55%) from the OH in-plane bending
the OH torsional frequency is less evident. Howevep-BrPh— vibration, and it has been assigned to the very strong band at
OD, the OD torsion is a “pure” vibration (mode Q3 in Table 1176 cnt®. This assignment is in very good agreement with
5). The B3LYP-calculated frequency of this mode, 226 ¢m  the large blue shift (50 cm) of this band observed in hydrogen-
is in excellent agreement with the experimental frequency, 228 bonded complexes involving p-CIPh and N,N-dimethyl-
cm~ 18 The results obtained in our studies clearly demonstrate acetamidé? The normal mode Q24 also involves significant
that both the OH and OD torsional vibrations are sensitive to contribution from thed(OH) vibration (19%) and is attributed
the para-substitution of the phenol ring. to the absorption at 1320 crh The B3LYP-predicted fre-

As shown in Tables 2 and 4, the OH stretching vibration quency, 1328 cmt for mode Q24, is in very good agreement
(Q33) is observed at 3609 and 3607 ¢nin p-Cl and p-Br with experimental. The OH in-plane bending vibration contrib-
derivatives of phenol, respectively (in GEIFor phenol (in utes also (about 10%) to the mode Q25, assigned at 1424 cm
CCly) the corresponding(O—H) occurs at 3611 cmt (our (Table 2). As is seen in Figure 3, all these bands are sensitive
data). It should be noted that in the vapor phasp-6iPh and to the deuteration of the phenolic OH group, which supports
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TABLE 5: Vibrational Frequencies (cm~2), IR Intensities (km mol~1), and Band Assignments forp-Bromophenol-OD
(p-BrPh—0OD)?

exp. B3LYP/6-31%+G(df, pd)
sym v A IRel ) A PED [%]
Q1 A" 107 0 73ring(48),yCBr(32),72ring(17)
Q2 A 212 1 dCBr(80),6C0O(10)
Q3 A’ 228 226 55 TOD(98)
Q4 A 282 1 v(C—Br)(57),02ring(31)
Q5 A 306 5 yCBr(44),71ring(26),yCO(21)
Q6 A 419 1.3 4 394 11 0CO(67),0aring(13),0CBr(10)
Q7 A" no 410 0 72ring(75),73ring(25)
Q8 A 500 16.9 45 497 16 yCO(39),73ring(26),yCBr(10)
Q9 A 601 14.7 39 592 27 02ring(42),v(C—Br)(25), »(C—0)(13)
Q10 A no 634 1 03ring(78)
Q11 A no 650 0 T1ring(83),yCO(17)
Q12 A 799 3.6 9 792 22 yC,H(67),yCsH(26)
Q13 A no 811 0 »(C—C)(39),7(C—0)(20),2ring(17)
Q14 A" 821 23.3 62 819 44 yCeH(55), yCsH(34), yCO(13)
Q15 A no 904 1 yCaH(62), yC,H(27), yCsH(11)
Q16 A 918 7.0 18 912 83 00D(81)
Q17 A no 949 0 yCsH(52), yCsH(38), yCsH(10)
Q18 A 1010 6.2 16 1003 20 01ing(62),v(C1—C,)(13), »(C1Ce)(12)
Q19 A 1071 9.9 26 1062 26 v(C4—C5)(29), v(Cs—C4)(25),v(C—Br)(12)
1097 1.7
Q20 A 1108 0.3 1 1108 11 OCH(61),¥(C—C)(34)
Q21 A 1167 3.9 10 1173 17 OCH(77),v(C—C)(22)
Q22 A 1253 61.4 163 1253 172 »(C—0)(52),¥(C—C)(22)
1277 0.3
Q23 A 1299 2.0 5 1290 5 »(C—C)(87),0CH(10)
Q24 A 1320 0.8 2 1306 8 OCH(77),»(C—C)(17)
Q25 A 1413 0.3 1 1413 4 »(C—C)(50),0CH(38)
Q26 A 1487 64.5 171 1492 160 OCH(59),»(C—C)(36)
Q27 A 1588 7.7 20 1588 8 v(C1—C)(27),v(C4—Cs)(20), v(C1—Ce)(13)
Q28 A 1595 10.0 26 1604 35 v(Cs—Cs)(20), v(C,—C3)(20), »(C1—Ce)(17)
Q29 A 2665 395 104 2734 47 »(0O—D)(100)
Q30 A 3012 25 7 3096 14 »(Co—H)(97)
Q31 A 3035 VW 3128 2 v(Ce—H)(62), v(Cs—H)(38)
Q32 A 3060 0.7 2 3138 2 »(Ca—H)(94)
Q33 A 3069 vw 3142 1 »(Cs—H)(60), ¥(Cs—H)(37)
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Figure 3. IR spectra of-chlorophenot-OH (——) andp-chlorophenot-OD (....) in the range of 1650800 cnt*. The solvent is carbon tetrachloride,
¢ = 0.05 mol~3, and path length= 0.04 cm.

our assignment. Fqr-BrPh (Table 4) the corresponding bands (Q24), and 1423 cmt (Q25). We have reported previously for
are observed at almost identical frequencies, 1176 (Q21), 1320phenol that the absorption pattern around 1170 'cris
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complicated by some anharmonic resonarfdesthis study, a According to the PED, the CO in-plane bending (Q7)
very similar effect has been noted foiCIPh andp-BrPh. The contributes mainly to the bands observed at 423 and 417 cm
predicted infrared intensity is very low for Q20 and very high (for p-CIPh andp-BrPh, respectively).

for Q21, as shown in Tables 2 and 4. However, in the  Phenyl Ring VibrationsThe “ring breathing” vibration in
experimental infrared spectra, the two corresponding bands arephenol has been assigned to a weak band at 999 ¢the
quite strong. This is probably caused by the “intensity borrow- corresponding Raman line is very stroRg)ln the infrared
ing” mechanism in multiple resonance effects. In the spectra spectra ofp-CIPh andp-BrPh, the “ring breathing” vibration

of the deuterated derivativgs,CIPhOD andp-BrPhOD (Tables (Q17) is also observed as a weak band at slightly higher
3 and 5), the new absorption band at 918 ¢ns assigned to frequencies, 1010 and 1012 chrespectively. Thus, a previous
the normal mode Q164(), which corresponds to the OD in-  assignment of this mode to the band at 8857 cn1? for a

plane bending vibration. As is seen in the spectrup-6fPhOD series ofp-substituted phendisseems to be incorrect. In the
(Figure 3), there is also another band, at 938 nwhich infrared spectra of the title molecules, the most intense band is
probably results from Fermi resonance between the fundamentalobserved at 1494 cri (for p-CIPh) and 1489 crt (for p-BrPh),
mode Q16 and a combination tone of tAesymmetry (e.g., and it corresponds to the coupled vibration Q26, involving the
228+ 799= 924 cmtL; A" x A’ = A). 0(CH) (56%) andv(CC) (42%). The other characteristic feature

C—X (Halogen) VibrationsFrom the calculated potential ~ ©Of the infrared spectra gi-CIPh andp-BrPh is the extremely
energy distributions, it is possible to assign unequivocally all 10w intensity of the “ring pu“cl_<er|ng mode (Qll) In the infrared
the normal modes involving the-€X (X = Cl or Br) vibrations. ~ SPectrum of phenol, the “ring puckering” vibration has been
In the earlier experimental studies of the para-substituted @ssigned to the strong band at 686 ¢rhIn this work, all
phenols, the assignment of these vibrations was very uncértain. theoretical methods clearly indicate that mode Q11 has almost
As follows from Table 2, the €CI stretching vibration is ~ 2€ro infrared intensity for botip-ClPh andp-BrPh. This is
strongly coupled with ring vibrations, and it contributes mainly Probably caused by the fact that the out-of-plane motion of the
to three normal modes: Q5, Q9, and Q18. The calculated Nalogen atom (CI or Br) in the paggosition to the CO group
frequency of Q5 is about 380 cr which is in excellent nearly cancels the change of the dipole moment during the “ring-
agreement with the frequency of 382 chreported fop-ClIPh puckering” vibration. _

(solid) In our infrared spectrum, the medium-intensity band ~ 1he CH stretching vibrations of the title molecules are
at 644 cm! has been assigned to the mode Q9. As shown in observed as weak bands in infrared, in the range of frequencies
Table 2, this mode involves a predominant contribution (36%) oM 3000 to 3100 cr. As revealed by calculations, the-€i

from the C-Cl stretching vibration. The strong band at 1096 bonds, being ortho to the chlorine or bromine substituent, are
cm! (Q18 mode) arises from coupled vibration, which also slightly shorter than the others, and this is reflected in the
involves the G-Cl stretching (19%). It should be mentioned ~C&lculated frequencies of the-Gi stretching vibrations. Ac-
that the corresponding mode in the unsubstituted phenol, €0rding to the PED, the£-H and G—H stretching vibrations
(designated as 18a), is observed as a weak band, at 1026 cm '€ coupled as the in-phase (mode Q30) and out-of-phase (Q32)
in the infrared spectrum of phenol vapo€alculations per- vibrations. These modes hz?lve been aSS|gneq to the bands at
formed for p-BrPh (Table 4) reveal that the mode Q3 has a 3038 and 3073 crit, respectively, fop-CIPh. Itis interesting
predominant contribution from the<Br stretching vibration. _that of_ aII_the C-H stretching vibrations, the predicted infrared
The predicted infrared intensity is very low; therefore, it may intensity is the largest wa.(CZ_H)’ mpde Q29. It should be

not be observed in the experimental spectrum. According to N0ted that the £€-H bond is in close vicinity to the OH group.

the PED, the Q9 mode also involves a contribution of theBE Thus, a o!|st|nct infrared band at 3010 chrfor p-CIPh) has
stretching vibration (25%), coupled with the in-plane deforma- been assigned to the mode Q29. .
tion of the ring (44%). This mode has been assigned to the As revealed by the PED,the two normal modes correspondmg
medium-intensity band, at 606 ¢ in the infrared spectrum to the CH out-of-plane bending vibrations, Q12 and Q14, give
of p-BrPh. The strong band at 1071 ch(mode Q18) also rise to two medium-intensity bands at 788 and 823 tifior
involves some contribution from the-<Br stretching vibration. p.-CIPh and at 799 and 823 crhfor p-BrPh. The corresponding

Thus, the two bands characteristic fCIPh are located at vibrations of the unsubstituted phenol appear at 751 and 881

- : : -

644 and 1096 cmt, and the corresponding bands f®BrPh ;rgm’a:etfgﬁ;ttli\éilz .;—rze ?/S:rllgirr]]n}zrgﬁag;the remaining funda

are observed at 606 and 1071 ¢iiThe remaining substituent- g '
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B3LYP-calculated frequency for the Q22 mode, 1260 &nis the other theoretical methods (B3PW91, mPW1PW91, and HF
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