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Conventional infrared absorption and Raman spectroscopy have been used to record the vapor phase spectra
of methylpyridine-2eid,,6-th, methylpyridine-2eid,, and methylpyridine-3xd,,-ds in the Avcy = 1—4 regions.

The spectra are analyzed with a theoretical model that takes into account, in the adiabatic approximation, the
coupling between the internal rotation of the methyl group and the methyl CH stretching vibration. The
principal parameters used in this model have been determined by ab initio calculations at the HF/6-31G**
level of theory. A good agreement between experimental and calculated spectra is found. This indicates that
this coupling is at the origin of the majority of the observed spectral profiles. A comparison of these results
with those previously obtained for similar methylated molecules reveals that the change in type and size of
the barrier to internal methyl rotation is at the origin of significant spectral differences. These changes are
particularly important for methylpyridine-24,, revealing that the methyl group experiences increasingly
different internal dynamics with increasing energy. These spectral changes can be well explained by the
deformation of the effective internal rotation potential in the vibrational excited states. The overtone spectra
of the aryl CD stretching of methylpyridine-&d,,-d, have also been studied.

Introduction with barriers increasing frony-picoline (Vv = 4.7 cnt1)! to
, o a-picoline (V = 91 cn11).15 Such an internal rotation is strongly

The azines related to benzene through the substitution of onecoypled with many other vibrational motions, particularly with
or more CH fragments by nitrogen atoms form the basic ¢ methyl CH stretching vibratios116.17The conformation-
structure of numerous alk_aloids and biological mqlecules of dependent CH vibrators thus constitute a unique probe for
practical and theoretical interest. An understanding of the gptaining detailed microscopic information about the structure
relationship between structure and biological properties of these s internal dynamics of the material. As shown for similar
compounds thus offers a fascinating and open area of reséarch.mmecmes, the complex features observed in fundamental

Some studies have been reported on electronic distributionsinfrared and Raman spectra of the methyl CH stretching
and resonance energies of these compounds compared with thosgibrations are conserved in the excited states but are often
of analogous benzené<uriously, however, given the effect perturbed by the presence of strong CH stretond Fermi
that conformation has on physical, chemical, and biological resonance phenomena, leading to internal vibrational energy
properties and processes, the conformational analysis of subredistribution (IVR)!6-24
stituted azines has received scant attention, even for the simplest a previous study of monohydrogenated toluene anpi-
ones, the methylpyridines. Only a few previous studies have coline has shown that both molecules exhibit almost the same
been devoted to the theoretite and spectroscofic' study spectral profiles, the only differences being essentially related
of these compounds. Among the latter, three witks'3are o differences in electronic anharmoniciyTo complete this
related to investigations of high excited vibrational states. \ork, we are here examining-picoline anda-picoline to
Indeed, a study of the overtone spectra allows one to accessanalyze the effect of the environment of the methyl group and
additional information about detailed molecular structures and of the correlated symmetry on structure and on internal
to characterize both intramolecular dynamics and related dynamics. Indeed, the symmetry of the potential of internal
phenomena, such as unimolecular reactions and internal vibrayotation of the CH group decreases from 6-fold in the case of
tional energy redistribution (IVR). toluene andy-picoline to 3-fold for the two other picolines.

In addition to their application in fine organic syntheses (for Furthermore, the relative position of the methyl group and of
example that of vitamin PP), the three methylpyridine deriva- the N atom in the pyridine cycle is closer, particularly for
tives, a-picoline (2-methylpyridine)s-picoline (3-methylpyri- o-picoline. We have again considered the GHirivatives,
dine), andy-picoline (4-methylpyridine), present the particularity which offer simpler methyl CH stretching spectral features,
of possessing a large amplitude, very anharmonic motion (the generally little troubled by Fermi resonance phenomena, at least
methyl internal rotation) governed in the gas phase by intramo- in the first overtone spectfa:2
lecular forces. This motion is quasifree in gaseous picolines,

I. Experimental Section
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dine-3ady,-ds4, denotedy-picoline-ds, a-picoline-d,, andf-pic- II. Theoretical Approach
oline-ds, respectively, in the following) were synthesized and
purified according to the procedure described in ref 9. The
isotopic purity, as determined by mass spectrometry, is 95%.
The products were transferred under vacuum into different motion of the methyl group is explicitly taken into account.
measurement cells. In a first approximation, the internal rotation motion can be
Raman spectra (32580 cntl) were recorded with an  gescribed by a Hamiltonian of the form
OMARS 89 spectrometer equipped with a liquig-éboled

The theoretical approach has been well described in other
articles®11.16205¢ it is briefly recalled here. The coupling of
the fast molecular vibrations to the much slower internal rotation

CCD EGG detector (1024 diodes, grating 1800 grooves per mm, H(0) 5 9

slits 100 Im x 2.35 cnTt) and a Spectra Physics 2017 argon “he @BU(@) + @Vo(e) 1)
ion laser (514.5-nm beam at 4 W) providing exciting radiation.

The diffusion light was recorded at 9@ith a polarization filter. where# is the internal rotation coordinat®(6) the rotational

The spectra were recorded with a cylindrical Pyrex cell equipped potential energy such th&(0) = Va/2[1 + 83 cos(P)] + Ve

with two windows tilted at the Brewster angle for multiple 2[1 + d¢ cos(@)] [V; andd; = £1 (i = 3 or 6) are calculated

reflections at 333 K under equilibrium pressure (68 mmHg for or fixed to the values determined by microwave spectrosthpy

a-picoline and 40 mmHg foB-picoline). The resolution was 1~ andB,(6) the reduced rotational constant of the methyl rotor.

cm L, B,(0) = B6) — a(v + 1) varies with & and with the
The FTIR spectra (12 066900 cnrl) were recorded with a  Vibrational quantum number. B, = h/(87% rec), wherel reqis

Biorad FTS-60A Fourier transform infrared spectrometer (the the reduced inertia momentum, i.&eq = lo(la — lo)/lawhere

sources were a quartz lamp and a glowing bar; KBr and quartz l5is the pr!nC|pal inertia momentum of thg molecule, which is

splitters were used; the detectors were DTGS or a Si diode), aimost collinear with the methyl rotation axis andd the CHD

The gas cells were equipped with Gafindows. For the range  INertia momentum, calculated from the internuclear distances

3000-900 cnr'l, a homemade cell with a pathlength of 10 cm determined by the ab initio calculatiof8%” The calculated
was used. The gas was at room temperature at equilibriumdependence oB on 6 was found to be negligible<(0.006),

pressure (11.4 mmHg far-picoline and 6 mmHg fop-pic- with a variation inB equal to 0.01, causing no visible change
oline). The resolution was 0.5 crh in our low-resolution spectra. For the same reason, the effect

of a, difficult to determine untilAv = 4, is also neglected.
For the other IR spectra (12 083000 cnT?), an Infrared TH : o ! : .
. e coupling of the vibrational and large-amplitude motion
Analysis long path cell (36< 0.15m = 5.4 m) was used and up’ing vibrati g phitu ons

. A is modeled by the total Hamiltoniadr = H,—, + H,, which is
heated_at 340 K with the gas at equn_lbn_um pressure (90 mmHg solved in the adiabatic approximation. The total wave function
for a-picoline and 54 mmHg fop-picoline). The resolution

1 is written as a product of two wave functioggg;,6), which
was 2 cnm describes the fast vibrational motiogsand depends slowly on
The CH stretching Raman and IR spectra are similar for the g andqy(6), which describes the much slower internal rotation.
two deuterated:-picolines. However, the methylpyridine e, The Schidinger equation can thus be separated into two
product unfortunately contains an impurity because of the equations, one describing the molecular vibratiapsfér each
synthesis procedure that interferes with the CH stretching Ramang value, and the other describing the large amplitude motion,

spectrum of thex-picoline. Moreover, the signal-to-noise ratio where the vibrational energy#) acts as an additional potential.
of the IR spectra was better for methylpyridinexd, than for

methylpyridine-2eid,,6-d;. Thus, it was decided to present the H,_(a;,0) ¢(q.,0) = &(0) ¢(q;,0) @
Raman spectrum ofx-picolineds and the IR spectra of
o picolined, ’ [H.(6) + &(6)](6) = Ey(6)

The spectra of the perhydrogenated derivatives have also beerrq yiprational energg(0) acts as an additional potential for
recorded under the same experimental conditions and will be o rotational motion. Then. the effective potential of the

analyzed in a forthcoming paper.

2. Method of Calculation. All of the calculations were
performed with the Gaussian 92 program at the Hartfemck Vi(0,0=0) = V(0) + lIZZQ(B)
level using the 6-31G** basis sét.Energy calculations have [
also been done by the MP2/6-31G** method with the addition o
of electronic correlation via a second-order Motesset ~ With Y2%i&(0), the zero-point vibrational energy (ZPVE) of the

perturbation. Vibrational frequencies were obtained by analyti- (3N — 7) vibrations other than the methyl rotation. ZPVE is
cally determining second derivatives of the energy with respect calculated with corrected ab initio calculated vibration frequen-
cies

to geometry distortions.

The previous study demonstrated that higher theory and basisC
set levels increased the calculation time considerably but did

rotational motion in the ground vibrational state is

The effective potential of the rotational motion in thexcited
H stretching state is

not significantly improve the accuracy of the calculated values, Ver(0,0) = V(0,0=0) + e-,(6)
especially considering that we are particularly interested in the
variations of the geometrical paramet&r¥he geometry of each As discussed in a previous papéin the absence of strong

molecule has been optimized for several values of the methyl perturbations due to Fermi resonance couplings, the CH
group rotation angl®, the aromatic ring being constrained to  stretching of the CHB methyl group can be considered as
be planar. This approximation gives an error in the energy independent of all vibrational motions other than the internal
calculations of less than 1 crh As ab initio frequencies are  rotation. It is then well-described by Morse potential energy
always overestimated at the HF level, they have been scaledfunctions. The vibrational energy can thus be approximated by
by factors 0.911 fowcy, 0.921 forvep, and 0.9 for the other

vibrations, as was done previously. eci(0) = vaocy(0) + v(v + 1)x(6) 3)
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where wcn(f) is the calculated CH stretching harmonic
frequency ang(0) its anharmonicity.

The energies and the wave functions of the internal rotational
states corresponding to the ground vibrational state and to the
v excited CH stretching vibrational level are calculated by
solving the Schirdinger equations of motion with the effective
potentials in a basis set of 85 free rotators. The CH stretching
overtone spectra are then reconstructed by adding the CH
transitions calculated between the energy levels of the two
potentialsVe(6,0) andVes(0,v) separated by an energy corre-
sponding to the more stable equilibrium conformation.

The infrared intensity of these transitions between the two
states|O,N> — |»,N'> (respectively theNth andN'th internal
rotational levels in the ground and excited states of CH bond
stretching) is given by

| [ONG-|o,N DO
PLS [* (0.6) ®* ,(6) u(0.6) ¢o(0,6) Wor(6) dqdb]® (4)

whereP = exp[—(Eon — Eo,0)/kT] is the Boltzmann factor and
u(0,0) the dipole moment function.

The dipole operator is decomposed along the three inertial
axes of the molecule, y, and z (where xz determines the
molecular plane witlz collinear with the CC methytring bond
and y perpendicular to the molecular plane, Figure 1). The
infrared intensity is the result of the combination of the three
contributionsux(q,0), uy(9,0), anduxq,0).

The dipole moment function is approximated as a Taylor
series expansion in the internal CH stretching displacement
coordinate g about the equilibrium geometry. The dipole
moment derivativeg;''(6) (j = x, y, or 2), given byy;"(0) =
(L/N(319q )ui(q,0) e, are calculated up to the fourth order by
fitting ab initio dipole moment surfaces for different values of
the internal motion coordinate. These surfaces are constructed
by displacing the CH/CD stretching coordinagg$rom their
equilibrium position and keeping the rest of the molecule at its
optimized geometryas described in ref 11.

Becausep(q,0) depends slowly o (adiabatic approxima-
tion) and because, for eaéhvalue, the mode intensities inside
each polyad are supposed to come from the CH bond stretching
overtones, the relation in eq 4 can be written

Figure 1. (a)a-Picolined; and (b)s-picoline-ds geometries and inertial
axes with their projections onto the three planes.

3 4
Lonzone=P Y IS [1* 5 14 (6) (6) o dO
|ONE-|2,N'D JZ.ZI N i ON

* (9,0) doq(a,0) da)® (5 measuretf andl, = 144.0,I, = 314.6, and. = 453.5x 10740
f(p {49) dgo(a6) dal” ) g cn? calculated for the perhydrogenategbicoline andl, =

The second integral corresponds to the matrix elements overl44.0,lp = 321.2, and¢ = 460.2x 10~%° g cn¥ calculated for
the Morse oscillator wave functions (used to describe the very the perhydrogenatef-picoline), with the greatest principal
anharmonic CH vibrators) and the power of the coordinate moment of inertialg) perpendicular to the molecular plane and
(Table 1 of ref 11); they;'i(6) are the dipole moment derivatives the smallest ond{) almost collinear with the methyl top rotation
along the axig; and ¢(0) = 1, c(6) = cos@), and ¢(0) = axis (Figure 1). These values, modified by deuteration are
sin(@). The calculated molecular dipole moments are 1.94 D calculated to bé, = 147.2,l, = 342.2, and. = 479.2x 1074
for the o-picoline, with uq = 0.81 D andu, = 1.76 D (very g cn¥ for a-picolined; andl, = 169.5.0,l, = 369.6, and. =
close to the measured valdgg, = 0.72 D andu, = 1.71 D), 531.6x 10740 g cn¥ for B-picolineds, both studied here. The
and 2.50 D for thes-picoline, withu, = 1.42 D andup = 2.06 profiles are characterized by the value of the PR separation and
D. the Q branch intensity (foe-picoline, APR = 13.6, 8.8, and

The interaction between the internal motion and the rotation 12.0 cnt? andlq = 19%, 0%, and 29% for the A, B, and C
of the molecule as a whole is neglected. The effect of the types, respectively, and for th&picoline, APR = 12.8, 8.8,
rotation of the entire molecule is taken into account by and 12.8 cm!andlg = 19%, 0%, and 30% for the A, B, and
convoluting each transition by the corresponding asymmetrical C types, respectively). To calculate the spectra, we have assigned
top vibration-rotation profile (A-, B-, or C-type corresponding to each transition its corresponding vibratienotation theoreti-
to u, 1y, OF 1y, respectively). Picolines are indeed asymmetrical cal profile calculated in the harmonic approximation from rota-
tops (o = 147.4,1, = 318.8, and . = 460.9 x 10740 g cn? tional constants determined by ab initio calculati&h® These
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TABLE 1. Geometric Parameters of a- and B-Picoline*?

Bergeat et al.

o-picoline p-picoline
minimum values maximum values relative minimum values maximum values relative
(for 0) (for 6) variation (for 6) (for 0) variation
CeN 1.3215 (60) 1.3259 (0) 0.33 1.3220 (69 1.3172 (0) 0.36
C:N 1.3190 (0) 1.3241 (60) 0.39 1.3179 (69 1.3227 (0) 0.36
CiC 1.3798 (60) 1.3844 (0) 0.34 1.3810 (9 1.3857 (60) 0.34
C4Cs 1.3823 (0) 1.3868 (60) 0.33 1.3807 (69 1.3855 (0) 0.35
CsCy 1.3785 (60) 1.3834 (0) 0.35 1.3845 (9) 1.3894 (60) 0.35
CeCs 1.3893 (0) 1.3943 (60) 0.37 1.3874 (69 1.3923 (0) 0.35
H-/C; 1.0769 (60) 1.0771 (0) 0.02 1.0764 (9 1.0766 (60) 0.02
HsCs 1.0744 1.0744 0.00 1.0748 1.0748 0.00
HoCy 1.0761 1.0761 0.00 1.0767°00 1.0772 (60) 0.05
H10Cs or6) 1.0747 (0) 1.0754 (60) 0.07 1.0775 (69 1.0783 (0) 0.07
C11Cs or 5° 1.5065 (0) 1.5078 (60) 0.09 1.5089 (69 1.5096 (0) 0.05
HmetC11 1.0809 (180) 1.0869 (80) 0.54 1.0838 (9) 1.0867 (90) 0.27
C3CN 123.77 (60) 123.78 (15) 0.01 123.00 () 123.03 (60) 0.02
C4C3Cy 117.66 (0) 117.69 (300) 0.03 118.34 (69 118.37 (0) 0.03
CsC4Cs 118.90 (60) 118.95 (0) 0.04 119.58 (9) 119.59 (60) 0.01
CeCsCy 118.98 (0) 119.03 (60) 0.04 116.61 (9) 116.64 (60) 0.02
H/CoN 115.91 (60) 116.04 (0) 0.11 116.37 () 116.48 (60) 0.09
HsCsCs 120.62 (0) 120.67 (60) 0.05 120.40 (69 120.47 (0) 0.05
HoC4Cs 120.64 (60) 120.69 (0) 0.05 120.20 (©) 120.27 (60) 0.06
H10C(s or 6C(a or 57 120.80 (0) 120.93 (60) 0.11 119.59 (9 119.73 (60) 0.12
C11Cis or 5C(5 or af 121.78 (0) 121.81 (60) 0.81 121.77 (69 122.57 (0) 0.66
H12C11C6 or 57 110.09 (108) 111.76 (0) 1.51 111.12 (69 111.26 (108) 0.13
H13C11C6 or 5 109.72 (60) 110.07 (108) 0.32 111.06 (9) 111.23 (45) 0.15
H14C11C6 or 57 110.07 (0) 111.70 (108) 1.47 111.14 (49 111.25 (158) 0.10

energy

—285.748 392 276

(©°)

—285.748 014 412

(180°)

—285.744 998 640

(180°)

—285.744 755 562

(©°)

aBond lengths (in A) and angles (in degreésylaximum and minimum values for the methyl rotation angl¢in degrees) and the relative
variations (in %).° The first set of numbers is fax-picoline, and the second set is fépicoline. Energy (in hartrees).

profiles are convoluted by a Lorentzian function mixed with a
Gaussian function with a width adjusted for each overtone.
For the Raman intensity, the transition operator is the
polarizability associated with the CH bond. The first isotropic
aa(6)/drcn and anisotropi@y(8)/orcn polarizability derivatives
have been calculated, for eaéhvalue, from the molecular
polarizability tensor derivatives calculated with Gaussiai®2.
The depolarization ratip value for the CH bond, calculated to

good agreement with those recently published and calculated
using different ab initio basés.

For botho- and 3-picolines, the equilibrium conformation
of the methyl group is not staggered, as in toluene-qic-
oline ! but eclipsed with a CH bond pointing toward the N
atom for theg isomer § = 180°) and on the opposite side for
the o isomer ¢ = 0°). The calculated potential energy of the
internal rotationV, has a 3-fold symmetry with rotational

be between 0.29 and 0.32, is in good agreement with the parriers of 51.3 and 82.9 crhfor - and a-picoline, respec-
experimental value (see section IIl.2). The CH stretching is thus tjyely (Table 2). MP2/6-31G** calculations lead to slightly

mainly isotropic p < %/4).

higher values of 57.7 and 91.9 cinfor 8- and a-picoline,

The iSOtI’OpiC Raman intensities are calculated with a relation respective|y_ These values are very similar to those previous|y

similar to that used for the infrared intensities (4), replacing
u(q,0) by the mean isotropic polarizabilig(qg,0). This polar-

calculated by Henry et al. in the 6-3G** (52.3 cm* for 3
and 113.8 cm! for o) and 6-31#+G** bases (59.4 cm' for

izability is also expanded as a Taylor series in the CH stretching B and 111.6 cmt for «).13 They are in good agreement with
displacement. Here, we have only considered the first term of e experimental value determined by Dreizler et al. by

the transition operator development, which is a good ap- microwave spectroscopy far-picoline, 90.4/2[1— cos()]
proximation because of the preponderant value of the first Morse _ 4 1211 — cos(@)].15 In the following, we have introduced

coefficient atAv = 1. Assigning a Lorentzian profile to each
transition simulates the isotropic Raman spectrum.

Ill. Results

1. Geometry Optimizations and Frequency Calculations.
The geometry ofr- andS-picolines is shown in Figure 1 for a
methyl rotation angl® = 0° (the origin of the methyl rotation
angle is taken to be when the CH bond of the GHbethyl

the experimental value of the potential in the calculations for
o-picoline and, forp-picoline, as no experimental value is
available, the MP2 value that appears to be the closest to the
experimental value foa-picoline.

The internuclear distances and the angles present only small
variations with the rotation of the methyl group, except those
of the methyl group (Table 1). The angle between the methyl
group and the aromatic carbons;[CsCs (o) or C;1CsC4 and

group is in the aromatic ring plane and at the opposite side of C11CsCs ()] is larger than the usual 12®ecause of a weak

the nitrogen atom).

van der Waals repulsion between the methyl and aromatic CH

The geometry of each molecule has been optimized for eachbonds. When the methyl CH bond rotates fromt@ 6C°, the
0 value, the aromatic ring being constrained to be planar. ThereC11CsCs angle and the length of the¢Cs and G1Cs bonds
is no experimentally determined structure available to compare increase foro-picoline, whereas the @CsCs angle and the
our results, but such a comparison done in a previous article length of the GCs and G1Cs bonds decrease fgi-picoline,

for toluené! has shown that the regularity of experimental values
was retrieved. Furthermore, our calculated parameters are i

the minimum value of these parameters corresponding to the
nequilibrium conformation of the methyl group in each isomer.
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TABLE 2: Parameters Involved in the Calculation of the Spectra of Methylpyridine-2-ad; (a-Picoline),
Methylpyridine-3- adz,-d4 (f#-Picoline), and Methylpyridine-4-ad,,-d4 (y-Picoline)

y-picoling’ [-picoline a-picoline
Vo? Vs 0.0or 0.0 51.40r57.7(0s=1) 82.90r 90.4 (63 = —1)
Vs 2.1"or 4.7 (06 = +1) —1.3(0s=—1) 0.30or —4.1¢ (06 = —1)
ZPVE® =} 0.0 —-0.75 —2.40
E, 15.0 10.50 17.70
Es 0.0 —0.85 8.70
E4 0.2 0.30 0.30
reu® lo 1.0848 1.08514 1.0844
ry x 1078 0.0 0.13 2.8
r, x 1072 —3.30 —-2.9 —4.4
rs x 1072 0.0 —0.06 -0.1
ry x 1072 0.16 0.16 0.3
el wo 2950.8 2945.0 2955.8
w1 0.0 —-1.7 —-34.7
op3 32.0 325 49.8
w3 0.0 0.70 0.1
w4 -2.0 -1.7 —-2.4
XCHe X2 1.5 1.5 1.5
B 3.406 3.329 3.343
A0/ ar P 0o 4.041 4.601
o —0.009 —0.020
o —1.455 —1.423
o3 —0.035 —0.038
oy —0.006 —0.012

2\, rotational barrier (in cmb). Vo(6) = Va/2[1 + 63 cos(P)] + Ve/2[1 + d6 cos(@)]. © Zero-point vibrational energy (in cn). ZPVE = Eg
+ 1,3[E; cos(h)]. ¢ Internuclear distance (in Ajcy = ro + Y23i[ri cos{6o)]. ¢ CH stretching harmonic frequency (in ). wey = @wo + YoZi[w;
cos{fo)]. © Anharmonicity (in ). ycn = 30 + Y22 cos(d).  Be, reduced rotational constant (in cB 9 Mean molecular polarizability derivative
(in 10730 C? m JY). (da/drch) = ao + YoZi[as cosBo)]. " Reference 4. Ab initio Calculations 6-31G**i Ab initio Calculations MP2/6-31G**.
kMicrowave experiment, Refs 14 and 15.

The values of the variation of the methyl CH bond with the has strict 2-fold symmetry. Indeed, if the casepgpicoline is
rotation angle are very similar to those calculatedyfgaicoline very similar to that ofy-picoline with a mainly cos(@)
or toluenel! but this variation no longer has a strict 2-fold dependence, the cé@scontribution is almost half of the co92
symmetry, especially foa-picoline (Table 2). The maximum  contribution for thex-picoline variation, showing the disturbing
CH length difference is 5.% 1073 A for a-picoline and 3.0x effect of the nearness of the N atom. The harmonic CH
1073 A for B-picoline. The length of the CH bond is a maximum  stretching frequencycy presents a variation related to that of
atf ~ 90° (1.0859 A) fors-picoline and a¥) ~ 80° (1.0869 the CH bond length with a mean frequency shift of 11.1°&m
A) for a-picoline. As fory-picoline or toluené? this could be (o) and 11.8 cm? (B) for a CH bond length variation of 18
explained by a hyperconjugation effect with theelectronic A, in good agreement with the values found for numerous
cloud of the aromatic ring. When the CH bond is in the ring similar moleculed! The mean value of the anharmonicity of
plane, the van der Waals repulsion is the strongest, and the CHthe methyl CH stretching can be estimated from the relative
bond is shorter. Fop-picoline, the methyl CH bond length is  positions of the peaks atv = 1—4 at 60+ 1 cn?, with a
essentially the same (1.0838 A) in both positiofisX 0° or conformational dependendeycy = (1.5 + 0.5) cos(®).
180C), but for a-picoline, because of the close neighbor of the  The effective potentials of the methyl internal rotation
N atom, the methyl CH bond is longer @t~ 0° (1.0837 A) corresponding to the ground vibrational level and to the first
than atf) ~ 180° (1.0809 A). Contrary to what is often assunded,  excited state of CH bond stretching, the energy levels of internal
the attractive interaction between the methyl group hydrogen rotation, and the probability of their corresponding wave
and the in-plane lone-pair electrons of the nitrogen atom appearsfunctions are shown in Figure 2 for bofhpicoline-ds and
to be weaker than the attraction exerted bysttedectronic cloud a-picolineds (or a-picoline-d;, whose ZPVE is very close to
of the pyridine ring. This can explain the equilibrium conforma-  that of a-picoline-ds). In the ground vibrational state, the most
tion of the methyl group ire-picoline. The preference for the  stable equilibrium conformation correspondséte= 115° for
conformation atd ~ 180C° (rather than that ad ~ 0°) for the a-picoline and 60 for -picoline. The other equilibrium
f3-picoline can correspond to a minimum in the aryl €aikyl conformation at) = 0° for a-picoline and 180 for -picoline
CH interaction. has a higher energyH11.9 cnt! (o) and+8.7 cntt (8)]. In

The calculated and scaled vibrational frequencies are reportecthe CH stretching excited states, because of its vibrational part,
in Tables 3 and 4. They are compared with the infrared and the effective potential barrier becomes even higheérat180°
Raman experimental frequencies recorded in the gas phase. Théor a-picoline (96 cml aty = 0 to 361 cmil at v = 4) and at
assignment of fundamentals is proposed, with the PED (potential 9 = 0° for 3-picoline (64.7 cm® at» = 0 to 207.2 cm? at v
energy distribution) indicating a majority participation of the = 4) when the vibrational energy increases (Figure 2). In the
internal coordinates. It can be noted that the CH stretching modemeantime, for both molecules, the most stable equilibrium
of the CHD; methyl group is a pure mode (PED 99%). conformation tends to be displaced tat= 90°, and the less

The principal parameters used in our model are issued from stable one tends to disappear. The intermediate barrier is
these ab initio calculations and are displayed in Table 2 with progressively shifted towar@ = 0° (o)) and6 = 18C° (), and

those found fory-picoline!! for comparison. Contrary to what
was previously encounteréé1617.2%he conformational depen-

its height (68.8 cm! for a-picoline atf = 0° and 48.6 cm?!
for -picoline atd = 120° at v = 0) decreases to 0 at= 4.

dence of these parameters during the internal rotation no longerThe effective potential becomes thus an almost 2-fold potential
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TABLE 3: Vibrational Modes in Gaseous Methylpyridine-2-od,-6d; (a-Picoline)?

a-picoline
min max
min max scaled scaled exp IR exp Raman assignnéRrED%)
—49 52 —44 46 Tmethy(75) Tring(15)
213 216 191 194 186.1 1ing(88) TCHiing(7)
342 352 308 317 OC(N)CCretny(75.5)
437 439 393 395 Tiing(97)
494 502 445 452 Tiing(65) YCHiing(28)
568 576 511 519 528.8 S1ing(44) VC Cretny(25)
678 680 610 612 621.8 Oring(70) ¥ CHiing(21)
719 745 647 671 Tring(64) Y CH/Dying(24)
834 837 751 753 761.2 01ing(29) VCCrethy(26) V1ing(19)
837 844 753 759 775.7 Tring(40) ¥ CHring(36) ¥ CDring(23)
872 916 785 824 Tiing(36) ¥ CHiing(31) yCDyring(24.5)
925 964 832 868 mlethy(48) dCDying(30) Vring(17)
987 995 888 895 ¥ CH/Diing(53) Tring(34) rmetny(12)
994 1011 895 910 915.7 OCDring(36) Vring(28) rmethy(20)
1033 1054 930 949 ¥ CHiing(59.5) Tring(34)
1091 1093 982 984 986 Oring(48.5) v1ing(38)
1126 1127 1014 1014 997.4 ¥CH ing(52) Oring(48)
1156 1162 1041 1046 OCD2methy(87)
1179 1183 1061 1065 1050 1050 Vring(87) OCHiing(9)
1201 1202 1081 1082 1090 1089.4 Vring(51) OCHiing(45)
1229 1252 1106 1127 1115.4 V1ing(38) OCDying(18) 0 CHiing(14)
1309 1321 1178 1189 1161.5 1161.9 OCHiing(44) Vring(31) OCHmetny(10)
1337 1374 1203 1237 1234 1230.5 OCHring(44) V1ing(23) SCHumetny(17)
1416 1425 1275 1283 1282 1276 OCHmetny(99)
1429 1465 1286 1319 1315 1308 OCHmetny(61) ¥CCretny(20)
1580 1589 1422 1431 1422 1418.2 OCHiing(52) vring(35)
1617 1623 1455 1461 1450 OCHring(46) Ving(37) VCCrnetny(10)
1771 1775 1594 1597 1591.3 1594.2 Viing(68.5) 0CHiing(19)
2325 2344 2141 2159 2154 2154 VsCD2methy(98)
2400 2442 2211 2249 2255 V4CDamethy(99)
2473 2475 2278 2280 2266.1 2262.3 vC,D7 (97)
3215 3290 2929 2997 2951/2962 2951/2962 VYCHmethy(99.1)
3345 3347 3047 3049 3014 vCyHg (73) GH1o(17) GHg(10)
3363 3369 3064 3069 3068 3068 vCsH10 (67) GHg(29)
3377 3378 3077 3077 3077.6 3076.1 vCsHg (61) GHy(23) GH10(16)

aThe scaled frequencies have been multiplied by 0.9, except the frequepgimsbold, by a factor 0.911 and the frequencigs in italic by
a factor 0.921° v = bond stretchingy = in plane angle bending; = out of plane angle bending, and= torsion.

with a higher barrier wall (a® = 0° for 5 and atf = 180 for derivatives present the same variation with the methyl rotation
o) and a wide lower one (& = 180 for g and até = 0° for anglef for a- andg-picoline. The mean molecular polarizability
a). For p-picoline, the difference between these two barrier for the entire moleculed = Ys(ax + ayy + az) determined
heights is relatively constant asincreasesAE ~ 50 cnt?). from ab initio calculations is 9.% 10740 C2 m? J-1 for botha-

For a-picoline, the repulsive effect of the nitrogen atom favors and -picoline.

the increase of the height of the barrier at 1.,8ihd this energy Because of the localization of the wave functions in the
difference increases with (AE ~ 222 cntt atv = 4 and 292 potential wells, the transitions between the four or six first
cmtaty = 6). internal rotational levels in each vibrational state are intense.

2. Fundamental Methyl CH Stretching Spectra. Raman The transitiong0,0> — |1,0> and|0,1> — |1,1> correspond
Spectra.The experimental and calculated vapor-phase Ramanto a CH vibrator in a position close to the perpendicular position
spectra ofa-picoline-d; and B-picoline-ds in the fundamental  [aroundd = 110 (a) and around) = 65° (8)] (Figure 2). They
CH stretching region are shown in Figure 3. give rise to the lowest-frequency peak in each spectrum, at 2951

These spectra are essentially isotropic. The experimentaland 2941 cm? for - and-picoline, respectively (Figure 3).
depolarization ratio is difficult to measure because of the The transition/0,2> — |1,2 > corresponds to an in-plane CH
weakness and the bad signal-to-noise ratio ofltheignal. It vibrator position a) = 0° for a-picoline and at) = 180 for
can be estimated as0.2, in good agreement with the calculated [-picoline and to the less intense feature at 2965%ior both
value (see section Il). A comparison of the andl,, Raman compounds. The more intense band in each spectrum [at 2962
spectra shows that the anisotropic part gives only a wide, weak, (o) and 2951 cm?® (8)] corresponds to transitions between
unstructured feature and can be considered as a continuousgnternal rotation levels in a more or less free-rotation regime. It
baseline. Thus, only the isotropic CH stretching Raman spectracan be noted that this free-rotation regime is reached sooner
have been taken into account in the simulation. for g-picoline N =6, v = 0; N' = 7, v = 1) than foro-picoline

To reconstruct these spectra, we have used the parameters dfN = 7, v = O; N' = 11,v = 1).
the internal rotation effective potentials in Table 2 (Figure 2).  The calculated spectra are in good agreement with the
The intensities for the isotropic CH stretching Raman spectra experimental ones (Figure 3). A comparison of the experimental
have been calculated as explained in part 1l with the mean and scaled ab initio frequencies (Tables 3 and 4) reveals a
polarizability derivativesdo/orcn) displayed in Table 2. These  frequency shift toward high energy for the CH stretching of
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TABLE 4: Vibrational Modes in Gaseous Methylpyridine-3-ad,-ds (#-Picoliney

p-picoline
min max
min max scaled scaled exp IR exp Raman assignnéRED%)
—48 46 —43 41 Tmetny(70) Tring(23)
209 212 188 191 183.5 Ting(89) ¥ CDring(7)
319 326 287 293 OC(N)CCretny(78)
401 402 361 362 Ting(97.5)
461 470 415 423 Ting(81) yCDying(12)
549 552 494 497 507 Oring(62) OCDring(16)
624 625 562 563 Tiing(66) ¥ CDyring(33)
668 669 601 602 612 Oring(69) 0CDring(21)
719 727 647 654 Ting(68) ¥ CDying(28.5)
808 812 727 731 745 OCDring(30) Jring(25) YCCrnetny(22)
849 859 764 773 760 ¥ CDring(54) Tring(26) methy(20)
865 868 779 782 ¥CDiing(61) Tiing(39)
882 919 794 827 820 OCDying(73.5) 1ing(19)
920 928 828 835 OCDring(54) V1ing(20) Tmetny(23)
930 932 837 838 9 CDring(81) Tring(18)
935 958 841 862 850 mbithy(39) Vring(32) OCDring(21)
976 981 879 883 888 OCDring(67.5) V1ing(13) Oring(12)
995 1035 895 931 YCDring(52) fmethy(41)
1095 1096 985 986 990 Oring(49) Vring(26) CDring(20)
1137 1142 1023 1028 1013.5 1010.4 OCDiing(81)
1160 1162 1044 1046 1047 1048 OCD2methy(90)
1213 1219 1092 1097 Vring(89) OCDying(9)
1260 1279 1134 1152 1153.5 1153 VCCethy(36) Vring(23) OCDying(14)
1408 1424 1268 1282 1231 1230 OCHmetny(63) 1ing(22)
1427 1432 1284 1289 1285 OCHmetny(100)
1473 1501 1326 1351 1337 OCHmetny(35) V1ing(34) 0CDying(13)
1532 1536 1379 1383 1382 1382 Vring(51) OCDring(24) vCCrethy(15)
1744 1747 1569 1572 1550.5 1550 Vring(75.5) 0CDying(10)
1776 1778 1599 1600 1572 Vring(71.5) 0CDring(12)
2325 2337 2141 2152 2152.6 2153 V$CD2methy(98.5)
2402 2421 2212 2230 2190 VaCD2metny(99)
2460 2464 2265 2269 2260.5 2268 vCeD10(87.5) GD+(7.5)
2467 2468 2272 2273 vCaDo(38) C3Dg(26.5) GD1#(26)
2477 2479 2281 2283 2272 2279 vC4Dg(47.5) GD+(46.5)
2504 2505 2307 2307 2293 2292 vC3Dg(69) ¥C,D7(17) GDy(10)
3212 3252 2927 2962 2951/2941 2951/2941 VYCHmetny(99.4)

aThe scaled frequencies have been multiplied by 0.9, except the frequepgimsbold, by a factor 0.911 and the frequencigs in italic by
a factor 0.921° v = bond stretchingy = in plane angle bending; = out of plane angle bending, and= torsion.

the methyl group. As previously discusskdnd demonstratéd dipole moment derivatives reported in Tables 5 and 6. The
for toluene, it is due to weak anharmonic coupling with methyl magnitude and the co{p variation of these dipole moment
CHD, group bending overtones. This coupling becomes very derivatives are very similar as those of toluehendy-picoline-
strong for the CH toluene derivatives and leads to a strong d; (Tables 2 and 3 of ref 11). The intensity of each transition is
Fermi resonance perturbatiéh. obtained by summing the contributions of the three dipole
As expected, the spectra of the two molecules are very similar moment componentsgu, 1y, anduz). These spectral contribu-
and, in every respect, resemble the spectrapicoline-d; and tions are also drawn in Figures 4a and 5a.
toluened,.'* We can nevertheless note that the frequency  The infrared spectra of the fundamental methyl CH stretching
difference between the two main peaks is only 11 timere region exhibit features similar to those of the Raman spectra,
instead of 13 cm' for toluened; andy-picolinedz.* For these  but with more complex profiles. The, component of the dipole
latter two molecules, the lower-frequency peak corresponds to moment gives rise to a C-type band with an intense Q branch
a conformation of the CH methyl bond perpendicular to the centered at 2951 cr (o)) and at 2941 cmt (), essentially
ring molecular plane (with a consequently longer CH bond and due to transitions involving a 12Q) or 65° (j) tilted CH
lower CH stretching frequency), instead of & 6ilted confor- vibrator. Theux component of the dipole moment induces a
mation fora—picolined;; and/a’-picolinede. This shows that the B-type band centered at 2965 cinfor both CompoundS,
environment of the methyl group does not have a striking essentially due to transitions involving & @) or 180 (B) in-
influence on the fundamental Raman spectra, but the increaseq)|ane CH vibrator. Ther, component of the dipole moment
barrier size and the lower symmetry of the hindering potential generates an A-type band centered at 2962cfa) and at
nevertheless have a tangible effect. 2951 cn1t (B), essentially due to transitions involving a freely
Infrared SpectraThe experimental and calculated infrared rotating CH vibrator. This latter contribution forms the major
spectra of gaseous-picoline-d, and S-picoline-ds in the part of the intensity of the spectra. We can note that the
fundamental CH stretching region are presented in Figures 4afrequencies of the “in-plane” CH rotator and of the free CH
and 5a, respectively. rotator are very close fon-picoline. Because of the high
The reconstruction of these spectra uses the same effectivepotential barrier a = 180° at v = 1 (151 cn1?), the free-
potential parameters as those used for the Raman spectra. Theirotation regime is reached only for rotational levels whth>
intensities have been calculated as explained in part Il with the 10, and thus, the most intense “free-rotation” transitions
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Figure 2. (a) a-Picolineds; or a-picoline-d; and (b)j-picoline-ds effective potential energies of internal rotatid) {n the ground and first excited
CH stretching vibrational states.

correspond, in fact, to vibrators hindered between two extreme species present in the material, especially for the third overtone

positions around = +15C with a mean position af = 0°. spectrum (Figure 8 of ref 13), making a precise analysis difficult.
Compared to the corresponding spectra of tolugénand pB-Picoline. The first overtone spectrum of the methyl CH
y-picoline-dz,'* we note that the Q branch due to the stretch off3-picoline-ds exhibits only a broad band centered at

component of the dipole moment is better observed in the 5775 cnT! with a weak Q branch emerging at 5760 ¢hand
fundamental spectra af-picoline-d; and s-picoline-ds. This two wings at 5816 and 5725 crh(Figure 5b). This embedded
could be explained by the higher barrier height of these latter feature, compared to that of toluedg!! is due to the progres-
molecules in the ground vibrational state, which leads to the sive increase and deformation of the effective potential in the
localization of a greater number of internal rotational level wave excited vibrational states. As discussed above (part 11l.1), the
functions around the equilibrium conformatidd € 0, 1, 3, 4) depth of the intermediate well &t= 180° decreases (down to

(Figure 2). 10 cnrt atv = 2), whereas that of the principal well increases
Again, we observe a good fit of the experimental spectra with (up to 127 cmi! at v = 2). The wave function of the internal
the calculated ones. rotational levels localized in this well #& = 180 in the first
3. Overtone Methyl CH Stretching Spectra. The experi- excited vibrational state are now localized in the principal
mental and calculated infrared spectra of gaseniyscoline- potential well. This gives rise to the intense transition 8>

d, andB-picolineds in the CH stretching regions corresponding — |2,2> and|0,4> — |2,3> around 5767 cmt, which fill in
to Avcy = 2—4 are presented in Figures 4 and 5, respectively. the gap between the free-rotator (5782 ¢mand the tilted-
These spectra also present complex features. The methyl CHrotator (5758 cm?) peaks.

stretching overtone spectra have also been recorded for the The two higher-energy overtone spectra exhibit patterns very
perhydrogenated compounds and are in very good agreemensimilar to those of the corresponding spectra of tolugng-3!
with those published by R. Proos and B. Hektye noted They exhibit three peaks at 8454, 8496, and 8541 dior Av

that the CHD spectra frequencies are shifted toward high = 3 and 11032, 11083, and 11140 thfor Av = 4. These
energy, as expected from the now-well-known CH/CD interac- three peaks can again be related to the CH bond in a tilted
tion effect?®2* R. Proos and B. Henty also report the conformation versus the molecular plane, in free rotation, and
vibrational overtone spectra of the H impurities of perdeuterated in an in-plane conformation. Fromv = 3, the effective excited-
B-picoline. Their spectra compare well with those presented here state potential tends to resemble that of toludfiéat the same

but are largely perturbed by the numerous differently deuterated energy, with a potential well minimum shifted towa#id= 80°
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Figure 3. Experimental (top curve) and calculated (bottom curve) Wavenumber (cm )
Raman spectra of (a)-picoline-ds and (b)S-picoline-ds.
A
(instead of 90) and two potential barriers @& = 0° and0 = o 0,005 (©)
180, but with a barrier height difference of 50 cfn(instead g
of equal), a difference still small relative to the thermal energy £
of the molecule. These differences have no effect on the spectral ﬁ

profile of the high overtone spectra.

a-Picoline. The first overtone spectrum of the methyl CH
stretch ofo-picoline-d; presents two distinct bands centered at
5774 and 5806 cmi, with a lower frequency shoulder at 5738
cmt (Figure 4b). This feature appears different from that of
toluened;!* and from that above observed gfpicoline-ds , , , - : :
(Figure 5b). Indeed, the deformation of the effective potential 8700 8630 8600 8550 8500 8450 8400 8350
in the excited vibrational state is still stronger thanfgpicoline. Wavenumber (cm ')

Most of the intensity of the band at 5774 chis still related

to the intense transitions between the first two rotational levels
and corresponds to the hindered tilted vibrator. However, the
internal rotational levels 1= N < 12 have wave functions
localized in a large potential well delimited by the relatively
high potential barrier & = £18C°. They give rise to numerous
bands with widespread frequencies oscillating between 5820
and 5740 cm?, the most intense being around 5774 and 5806
cm™t (corresponding to the “free rotator”).

With increasing energy, the overtone spectral patterns become
increasingly different from the until-now-known CH overtone
spectra of a rotating methyl group. Atv = 3, the spectrum = , , , ,
exhibits two peaks at 8472 and 8527 and a very weak third 11400 11300~ 11200 11100 ~ 11000
peak at 8585 cm'. At Av = 4, only two bands are seen at Wavenumber (cm ')
11035 and 11140 cm. The disappearance of the third higher- Figure 4. Experimental (top curve) and calculated (next lower curve)
energy peak is correlated with the increasing|y hindered FTIR spectra of the CH stretching vibration of gaseasgicoline-dy:
conformation ab = 180 Indeed, at these energies, the effective ga)eﬁtl;ufn%/\’/a(ls))oﬁfa;ezd l()C)sAu?nTni% iﬂg ((:?))r?trli}bjtiﬁ.n-srg?tﬁikt:rlljrlgéegi ole
excited-state potential presepts twq potentiill wells qrcﬂmd mpoment componentg inydashed I?nes,uy in dotted lines, ang in P
iQ_O" separz_ated by a potential barrierat= 0°, the height of dash-dotted lines).
which remains lower than the thermal energy of the molecule
(~236 cnmY). These two wells are separated from the two energy of the molecule. Most of the intensity of the lower-
following ones by a potential barrier 8t= 18C°, the height of frequency band is still related to the intense transitions between
which becomes of the same order of magnitude as the thermalthe first two rotational levels and corresponds to the hindered
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TABLE 5: Ab Initio HF/6-31G** Dipole Moment Derivative
Expansion Coefficients for the CH Bond ina-Picoline?
$0.04- 1'(0) a b c d e
§ ux't —0.4967 —0.1109 0.0038 —0.0268 —0.0003
’g Uux'? —0.8950 —0.0242 0.0450 —0.0409 —0.0086
2 ux® 0.0732 0.0181 0.0408 0.0050 —0.0061
0.02 Ut 0.1616 0.0343 0.0615 —0.0097 —0.0706
uy't —0.5893 —0.1416 0.0061 —0.0207 —0.0006
uy'? —1.0665 —0.1129 0.0195 -0.0248 —0.0051
uy'® 0.1295 0.0304 0.0371 0.0063 0.0035
0.00- 1yt 0.1308 —0.0429 —0.1315 -0.0260 —0.0514
----------- o ust —0.4154 —0.0495 -—-0.0065 -—0.0013 -—0.0087
3050 2000 7950 2900 2350 us?  —0.8431 —0.0601  0.1632 —0.0019 —0.0094
Wavenumber (cm’) /2 —0.0164 —0.0015 0.1080 0.0014 0.0095
4 0.2217 0.0194 —-0.0528 0.0031 0.0038
2 guylog= "' (0) = a+ bcosP) + ccos(P) + dcos(I) + ecos(d).
(b) The axisj = x, y, or zand the derivativé = 1, 2, 3, or 4.
0.06
TABLE 6: Ab Initio HF/6-31G** Dipole Moment Derivative
° Expansion Coefficients for the CH Bond inf-Picoline?
2 0.04- .
5 () a b c d e
E &' —05613 —00102 -0.0304  0.0017  0.0058
¢ 0.021 ux?  —0.9780 —0.0005 0.0319 —0.0038 0.0040
ux’® 0.0606 —0.0149 0.0550 0.0053 0.0050
U 0.1741 0.0049 0.0012 —0.0098 0.0054
0.00- u/t  —0.6570 —0.0066 —0.0339  0.0081 —0.0168
. , , : : pa— uy?  —1.1532 —0.0106 —0.0157  0.0063 —0.0267
5950 5900 5850 5800 5750 5700 5650 uy'® 0.1236 —0.0006 0.0515 0.0012 0.0031
Wavenumber (cm’) uy 0.2527 0.0155 0.0293 0.0058 0.0074
/1 —0.4725 —0.0154 0.0191 0.0059 —0.0067
0.020- Uz? —0.9109 -0.0191 0.2081 0.0024 —0.0088
8 (©) w3 —0.0406 0.0000 0.1110 —0.0024 0.0097
g ut 0.2655 0.0027 —0.0643 —0.0035 0.0160
§ 2 gluylog = "' (0) = a+ bcosP) + ccos(P) + dcos(I) + ecos(d).
< The axisj = x, y, or zand the derivativé = 1, 2, 3, or 4.
0.015-
in the overtone spectra of the Glgroup ofa-picoline by R.
Proos and B. Henri# as the effective potentials become
increasingly similar for the CHpand CH groups at relatively
0.010- high energy?®
8700 8000 8500 ®400 300 8200 As we have a pure |sot_op|c_; compound, the overtone spectra
Wavenumber (cm”) of the aryl CD stretch gf-picoline-ds can also be well observed
until Av = 3 and, with caution, a\v = 4, as some overlap
0.0002 with the second overtone spectrum of the aryl CH impurities
g (d) could occur. These spectra exhibit an intense center peak with
£ two increasingly distinct shoulders as the energy increases.
ﬁ Because of the lower oscillator strength and anharmonicity of
0.0001 1 the CD stretches leading to smaller band splittings, the analysis
of the aryl CD overtone spectra in four components correspond-
ing to the four nonequivalent aryl CD bonds is more difficult
to perform than that of the aryl CH overtone speétrahe local-
0.00004 mode bond parameters have been determined from the fitting

11100 11000 10900

Wavenumber (cm’)

11300 11200

Figure 5. Experimental (top curve) and calculated (next lower curve)
FTIR spectra of the CH stretching vibration of gasefysicoline-ds:

@) Av =1, (b)Av =2, (c)Av = 3, and (d)Av = 4. The calculated
spectrum was obtained by summing the contributions of the three dipole
moment componentge{ in dashed linesy, in dotted lines, ang in
dash-dotted lines).

tilted vibrator. However, the rest of the spectral features are

due to numerous bands with widespread frequencies, corre-

sponding to a vibrator oscillating in a céspotential with a
relatively high barrier. This also explains the differences noted

of these peak frequencies in the same order as was done by R.
Proos and B. Henry for the CH vibrators with the following
resultst3 CgD1q, o = 2290+ 3 el y = 345+ 1 cmr';
CuDo/C:D7, wo = 2307+ 5 cmiL, y =33+ 2 e L; and GDsg,

wo=2325+2cml, y =34+ 1cnml

Conclusions

The CH stretching spectra of vapor-phase methylpyridine-
2-0.dp,6-d;, methylpyridine-2eud,, and methylpyridine-3xd,,-d,
have been recorded in thevcy = 1—4 region using Raman
and FTIR techniques. These spectra display complex band
profiles. They have been analyzed from a quantum theory that
reflects, in the adiabatic approximation, the coupling of the CH
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vibrator with the internal motion. All of the simulated spectra (3) Del Bene, J. EJ. Am. Chem. S0d.979 101, 6184.
are in good agreement with the experimental ones. This  (4) Draeger, J. ASpectrochim. Actd983 39A 809.

e : - (5) Fan, K.; Boggs, J. ETetrahedron1986 42, 1265.
demonstrates the abllllty. of our smjple.theory to mpdel this (6) Green, 3. H. S.. Kynaston, W.. Paisley. H. Spectrochim. Acta
means of energy redistribution, which is at the origin of the 1963 19, 549,

major part of the complex spectral structure and which indicates  (7) Gandolfo, D.; Zarembowitch, $pectrochim. Acta976 33A 615.
the absence of important Fermi resonance until the third overtone  (8) Lamba, O. P.; Parihan, J. S.; Bist, H. D.; Jain, Ylrtglian J. Pure

. Appl. Phys.1983 21, 236.
in these deuterated molecules. . (9) Cavagnat, D.; LautieM. F. J. Raman Spectrosd99Q 21, 185.
For both compounds, Raman and fundamental infra¢€dH) (10) Bini, R.; Foggi, P.; Della Valle, R. Gl. Phys. Chem1991, 95,

spectra are rather similar to those of toluehendy-picoline- 3027.
d-.'* Nevertheless, some differences between these two groups (11) Lapouge, C.; Cavagnat, D. Phys. Cheml998 102, 8393.
of molecules can be observed, which can be explained by  (12) (@) Lopez Tocon, I.; Woolley, M. C.; Otero, J. C.; Marcos, J. 1.

changes in the type and size of the barrier to internal methyl ?:A?IMitr?S; 13?%%_4|\Z|g|_thlrhg?)l'ggzni%‘]i3':§f Lopez Tocon, |.; Otero, J.

rotation. (13) Proos, R. J.; Henry, B. R. Phys. Chem. A999 103 8762.
As energy increases, because of the vibrational energy (14) Rudolph, H. D.; Dreizler, H.; Seiler, H. Z. Naturforsch.1967,
contribution, the effective internal rotational potential is increas- 22A 1738.

ingly distorted. Fop-picoline, this contribution is very similar 25(A152)5.R“d°|ph' H. D.; Dreizler, H.; Mier, H. Z.Z. Naturforsch 1970

to that calculated for toluengr andy-picoline-d;. However, it (16) Cavagnat, D.; Lascombe, J1.Mol. Spectrosc1982 92, 141.
becomes very different far-picoline as a consequence of the (17) Gorse, D.; Cavagnat, D.; Pesquer, M.; Lapougel, €hys. Chem.
strong repulsive effect on the methyl CH vibrator of the in- 1993 97, 4262.

; (18) Gough, K. M.; Henry, B. RJ. Phys. Chem1984 88, 1298.
plane lone pair of electrons on the nearby N atom. (19) Sowa, M. G.: Henry, B. RJ. Chem. Phys1991 95, 3040.

At high energy, the methyl CH overtone spectrggdicoline (20) Cavagnat, D.; Lespade, L.; Lapouge JCChem. Phys1995 103
tend to resemble those of toluedg-and y-picolined;. The 10502.
difference in the internal rotational potential is overshadowed (21) Kjaergaard, H. G.; Turnbull, D. M.; Henry, B. R. Phys. Chem.

ior vibrati ibuti ive A 1997 101 2589.
by the_ major wbraponal energy contribution to the effective (22) Zhu, C.: Kjaergaard, H. G.: Henry, B. R. Chem. Phys1997
potential in the excited states. For the same reason, the methyl o7 o1

CH overtone spectra af-picoline exhibit increasingly signifi- (23) Cavagnat, D.; Lespade, 0. Chem. Phys1997, 106, 7946.

cant profile changes with increasing energy, which is the  (24) Cavagnat, D.; Lespade, Il. Chem. Phys1998 108 9275.

signature of the different internal dynamics of the methyl group. | O(ﬁg) r\TSvah-' g eJé?ng#CESéngx-ris'gﬁag'%o_f%(’c“ﬁlé\gg |G|—||”'BP-' NI
Th? overtone spectra of the aryl C.D StretCh'n,g of methyl- A, Reblogle, E. S, Gomp’)erts, R Andreé, J. L.;’Raghava(,:hari, K Bink‘Iey,

pyridine-3-ad,,-d, have also been studied, and their local-mode J. s.; Gonzalez, C.; Martin, R. L.; Fox, D. J.: Defrees, D. J.; Baker, J.:

bond parameters determined. Stewart, J. J. P.; Pople, J. &aussian 92revision A; Gaussian Inc.:
Pittsburgh, PA, 1992.

(26) Hollas, J. MRecent experimental and computationabadces in
Acknowledgment. We thank Raymond Cavagnat for the molecular spectroscopyKluwer Academic Publishers: Dordrecht, The

Raman spectra, J.-L. Bruneel for technical assistance, and M.Netherlands, 1993; pp 271.

F. Lautiefor isotopic compound synthesis. (27) Shu, Q. S.; Campargue, A.; Stoeckel Spectrochim. Actd994
50A 663.

References and Notes (28) Leicknam, J. C.; Guissani, Y.; Bratos, Bhys. Re. 1980 A21,
1005.

(1) (a) Seeman, J. I.; Paine, J. B., lll; Secor, H. V.; Hoong-Sun, I. M.; (29) Leicknam, J. CPhys. Re. 1980 A22 2286.

Bernstein, E. RJ. Am. Chem. Sod992 114, 5269. (b) Seeman, J. I.; (30) (a) Person, W. B.; Newton, J. H. Chem. Phys1974 61, 1040.

Viers, J. W.; Schug, J. C.; Stovall, M. 0. Am. Chem. Sod.984 106, (b) Gough, K. M,; Srivastava, H. K.; Belohorcqu& J. Phys. Chenl994

143. 98, 771. (c) Gough, K. M.; Srivastava, H. K.; Belohor¢o¥@a J. Chem

(2) Wiberg, K. B.; Nakaji, D.; Breneman, C. M. Am. Chem. Soc. Phys.1993 98, 9669.
1989 111, 4178. (31) Cavagnat, D.; Lespade,,lto be published.



