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The rotationally resolved spectrum of the o-toluidine S1 ’ S0 origin was measured using

laser induced fluorescence spectroscopy. From the resulting spectrum torsional barriers to

internal rotation of the methyl group were derived, which resulted in S0 state values of

V3 = 699 � 11 cm�1 and V6 = 64 � 11 cm�1 with an effective rotational constant F of

5.38 � 0.04 cm�1 while for the S1 state the result was V3 = 40.87 � 0.14 cm�1 and

V6 = �16.8 � 0.8 cm�1 with F = 5.086 � 0.001 cm�1. The S1 state structure was found

to be severely distorted, with the methyl group making a 7.71 degree angle with the benzene

ring. Evidence of an excited state precessional motion of the methyl group was found.

1. Introduction

One of the fundamental motifs in organic chemistry are

aromatic rings, and substituted benzenes have therefore been

studied vigorously over the years using a plethora of spectro-

scopic techniques. Some of the more interesting substitutions

involve flexible groups which give rise to dynamics, such as an

amino group (aniline) or a methyl group (toluene). In this

paper the dynamics in o-toluidine (also named o-methyl-

aniline), where both these groups are attached to the benzene

ring in neighbouring positions, will be investigated.

From aniline it is known that in the ground state its amino

group is pyramidal with respect to the benzene plane but

that its structure is quasi-planar in the S1 state.1,2 From

far-infrared (FIR) spectra the inversion barrier was deter-

mined to be around 525 cm�1.3,4 High resolution laser induced

fluorescence (LIF) spectra were unable to resolve a tunneling

splitting corresponding to the inversion motion, in keeping

with this high barrier.5,6 The situation for the toluidines is very

similar. The NH2 inversion barriers in o-, m- and p-toluidine

were measured to be 558, 528 and 588 cm�1, respectively, all a

little higher than in aniline due to a higher electron density on

the amino nitrogen atom.7 High-resolution spectroscopy of

p-toluidine did not reveal a tunneling splitting due to the

inversion motion.8 Such a splitting is therefore not expected

to show up in the o-toluidine spectrum.

The barrier to internal rotation of the methyl group in

substituted toluenes has been investigated for a large number

of substituents and substitution positions; a nice overview can

be found in a paper by Zhao et al.9 Looking through the tables

in this paper a general trend can be observed: for ortho-

substituted toluenes electronic excitation dramatically reduces

an initially high threefold barrier, whereas for meta-

substituted toluenes the methyl group rotation is almost free

in the S0 state but becomes severely hindered in the S1 state.

Since the para-substituted toluenes have no threefold barrier

due to their higher symmetry their barriers are generally lower,

but the same general effect as in meta-substituted toluenes can

be observed. This means that the barrier height depends much

more on the substitution position than on the exact nature of

the substituent, and an explanation for these effects is most

likely connected to the electronic configuration of these sub-

stances. When the substituents considered here, which are all

electron donating groups, are replaced with an electron

withdrawing group we would therefore expect to see very

different behavior, as was confirmed in later experiments on

tolunitrile.10 In the case of o-toluidine the barriers to internal

rotation were determined from fluorescence excitation and

dispersed fluorescence spectra by Okuyama et al. which

resulted in V3 = 703 cm�1, V6 = 62 cm�1 in the S0 state

and V3 = 40 cm�1, V6 = �11 cm�1 in the S1 state.11

The barrier in the cation was measured to be V3 =

649 cm�1, V6 = 19 cm�1.12,13

Calculations on various substituted toluenes have been

quite successful in reproducing measured barriers by relating

its height to the Hammett s constant of the substituent

combined with substitution position14 and the difference in

p-bond order between both ring carbon bonds geminal to the

methyl rotor.15 These calculations show that the molecular

structure changes with rotation of the methyl group, regard-

less of substituent or substitution position. The molecular

geometries and conformational preferences of toluidines are

therefore closely connected to the barriers to internal rotation.

p-Toluidine has been studied most extensively since steric

hindrance between the methyl and amino groups is absent and

it is highly symmetric.8,16–19 The electronic effects described in

the previous paragraph are found to induce a precession of the

methyl group with its rotation. Moving to m- and o-toluidine

steric hindrance enhances this precessional motion and leads

to distortions of both the methyl and amino groups.20–23

Simulations by Brodersen et al. have revealed that typical

changes in rotor axis orientation in substituted toluenes are on

the order of 1.5 degrees.24
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In this paper the rotational constants of o-toluidine in its

S0 and S1 states will be determined from rotationally resolved

UV LIF spectra and these will be used to derive an exact

molecular structure. Furthermore, accurate barriers to

internal rotation of the methyl group will be derived from

the spectra and possible evidence for a precessional motion of

the methyl rotor will be discussed.

2. Methods

2.1 Experimental procedures

The experimental setup for the rotationally resolved LIF is

described elsewhere.25 Briefly, it consists of a frequency

doubled Nd :YAG laser which pumps a ring dye laser

(Coherent 899-21) operated with Rhodamine 6G. The dye

laser output is coupled into an external folded ring cavity

(Spectra Physics Wavetrain) for second harmonic generation.

The typical output power is 20 mW and is constant during

each experiment.

The molecular beam is formed by co-expanding argon at a

backing pressure of 340 mbar and room temperature o-toluidine

into the vacuum through a 320 mm nozzle. The molecular beam

machine consists of three differentially pumped vacuum

chambers that are linearly connected by skimmers (1 mm and

3 mm diameter, respectively). In the third chamber, 360 mm

downstream of the nozzle, the UV laser beam crosses the

molecular beam at right angles. Imaging optics focus the total

undispersed fluorescence from the excited molecules onto a

photo-multiplier tube mounted perpendicular to the plane

defined by the laser and the molecular beam. Its output is

discriminated and digitized by a photon counter card inside a

personal computer. The Doppler width of measured transitions

is 25 MHz (FWHM). Relative frequencies are determined with a

quasi-confocal Fabry-Perot interferometer with a free spectral

range (FSR) of 149.9434(56) MHz. The absolute frequency is

obtained by comparing the recorded iodine absorption spectrum

with tabulated lines.26

o-Toluidine (Z 99%) was obtained from Aldrich and used

without further purification.

2.2 Computational methods

2.2.1 Ab initio calculations. Structure optimizations were

performed employing the valence triple zeta basis set with

polarization functions (d,p) from the TURBOMOLE library.27,28

The equilibrium geometries of the electronic ground and the

lowest excited singlet states were optimized at the CC2 level

within the resolution-of-the-identity approximation.29,30

Ground state vibrational frequencies have been calculated

through analytical second derivatives using the AOFORCE

module31,32 implemented in Turbomole Version 5.8. Excited

state vibrational frequencies were calculated using numerical

differentiation of analytic gradients using the NumForce script

of Turbomole Version 5.8.

The singlet state energies, wavefunctions, and transition

dipole moments were calculated using the combined density

functional theory/multi-reference configuration interaction

(DFT/MRCI) method by Grimme and Waletzke.33 The

configuration state functions (CSFs) in the MRCI expansion

are constructed from Kohn–Sham (KS) orbitals, optimized for

the dominant closed shell determinant of the electronic ground

state employing the BH-LYP functional.34,35 All valence

electrons were correlated in the MRCI runs and the

eigenvalues and eigenvectors of the lowest singlet state were

determined. The initial set of reference configuration state

functions was generated automatically in a complete

active space type procedure (including all single and double

excitations from the five highest occupied molecular orbitals in

the KS determinant to the five lowest virtual orbitals) and was

then iteratively improved. The MRCI expansion was kept

moderate by extensive configuration selection. The selection

of the most important CSFs is based on an energy gap

criterion as described by Grimme and Waletzke.33 Only those

configurations were taken into account whose energy did

not exceed a certain cutoff energy. The energy of a given

configuration was estimated from orbital energies within the

selection procedure. The cutoff energy was given by the energy

of the highest desired root as calculated for the reference space

plus a cutoff parameter dEsel = 1.0EH. This choice has been

shown to yield nearly converged results.33

2.2.2 Spectral analysis. To describe the o-toluidine

spectrum a torsion–rotation Hamiltonian of the following

form was used:36

Htr = F(p � ~r~J)2 + V(a) + AJ2a + BJ2b + CJ2c. (1)

In this equation A, B and C are the molecule’s rotational

constants, Ja, Jb and Jc are the projections of the total angular

momentum ~J onto the main inertial axes a, b and c, respectively,

and V(a) is the torsional potential, which takes the form:

VðaÞ ¼ V3

2
ð1� cos 3aÞ þ V6

2
ð1� cos 6aÞ: ð2Þ

Furthermore, p ¼ �i�h @@a is the angular momentum operator

conjugate to the torsional angle a and F is the internal rotation

constant, which is related to the moment of inertia of the

internal rotor Ia and its torsional constant, Ftop, via:

F = �h2/2rIa = Ftop/r, (3)

with

r ¼ 1� Ia
X

g

cos2ðZgÞ=Ig: ð4Þ

Ig (g = a,b,c) are the moments of inertia of the entire molecule

and cos Zg are the direction cosines of the methyl top axis with

respect to the main inertial axes. Finally, the parameter r in

eqn (1) is related to these direction cosines through the equation:

rg = (Ia/Ig)cos Zg. (5)

This equation can be rewritten in terms of the polar angles

(z,Z), where z is the angle between the methyl top axis and the

c-axis and Z is the angle between the projection of the methyl

top axis onto the ab-plane and the a-axis. When this is done

the components of r are given by:

ra = (Ia/Ia)sin z cos Z

rb = (Ia/Ib)sin z sin Z (6)

rc = (Ia/Ic)cos z.
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It will be shown in section 3 that the torsional splitting

in the ground state is too small to be measured in the

experiment described here, which means that no information

on the corresponding ground state parameters can be

derived. The only information on the torsional potential that

can be extracted from the spectrum are the values of V03, F
0, Z0

and z0. An initial fit of the rotationally resolved spectrum

was performed with the Evolutionary Algorithm (EA)

automatic fitting program37–39 using the recently implemented

DR2 algorithm.40 For this fit the values of V003, V006, F 00

and V06 were taken from Okuyama et al.11 while the

values for Z00 and z00 were fixed to those that resulted

from RICC2 calculations. In a second step the result-

ing V03, F0, Z0 and z0 were used in combination with

torsional transition frequencies measured by laser induced

fluorescence23 and dispersed fluorescence11 spectroscopy to

determine the values of the torsional parameters that were

kept fixed in the first fit. This was done with the program

HTorFit.41

3. Results and discussion

Fig. 1 shows the rotationally resolved S1’ S0 origin spectrum

of o-toluidine. It consists of two spectral components

separated by 98 584 � 5 MHz. As has been shown

previously22,23 these result from transitions between the two

lowest torsional levels which arise from internal rotation of the

methyl group. The lower of the two components is due to

transitions between nondegenerate levels of a1 symmetry while

the upper one results from transitions between doubly degen-

erate torsional levels of e symmetry. Shown in the panel below

the spectrum is the best fit. The correspondence between the

two is excellent, as is also evidenced by the enlarged portion

depicted in the two panels below it. The bottom panel of Fig. 1

shows a stick spectrum of the strongest transitions in the

simulation and a convolution of these with a Lorentzian

function with a width (FWHM) of 0.3 cm�1; the resulting

spectrum matches the rotational contour spectra from

Ballesteros and Santos23 quite well.

From the ordering of the two torsional components it can

immediately be concluded that the barrier to internal rotation

must be lower in the S1 state than it is in the S0 state. To obtain

exact values for the barriers to internal rotation a combined fit

of this spectrum with the torsional bands measured in previous

work11,23 was performed as described in section 2.2.2. The

molecular parameters deduced from this analysis, together

with the values obtained from ab initio calculations, are given

in Table 1. Calculated torsional transitions are compared with

measured ones in Table 2. From the second table it can be seen

that, again, the deduced parameters are in excellent agreement

with experiment.

A two-temperature model42 was used to describe the

rotational temperature in the molecular beam, which yielded

T1 = 2.1 K and T2 = 3.6 K with a relative T2 weight of

0.14. From a 26.8 MHz Lorentzian contribution to the

total linewidth the excited state lifetime is found to be around

6.0 ns, which is substantially longer than the 3.5 ns lifetime

in p-toluidine8 and much closer to the 7.2 ns measured in

aniline.2

3.1 Transition dipole moment

The value of f in Table 1 indicates that the transition dipole

moment (TDM) lies in the plane of the benzene ring. While the

sign of the angle y normally cannot be determined from the

experiment since the relative intensities in the spectrum only

depend on the square of the transition dipole moment

components, its sign can be determined in molecules that

possess an internal rotor. This happens because the intensities

of some of the E-type transitions depend on the relative signs

of y and Z.43–45 Since the sign of Z is known from geometrical

considerations this fixes the absolute sign of y. In the case at

hand the result is that the TDM orientation has to be in the

direction of the methyl group, which corresponds to the plus

sign in Fig. 2.

From a comparison of the measured rotational constants

with those resulting from RICC2 calculations it can be seen

that the correspondence is satisfactory, and as will be

discussed in section 3.3 the calculations indicate that the

amino group is nonplanar in the S0 state and becomes more

planar in the S1 state. This effect is also observed in aniline,

where the transition dipole moment is perpendicular to the

amino group CN bond.2,46 Because the methyl group has a

relatively small influence on the benzene p-electron system

compared to the amino group (inductive vs. mesomeric effect)

it therefore seems reasonable to conclude that the electronic

excitation must be similar to that in aniline and the transition

dipole moment is directed towards the methyl group, which

only induces a moderate change in the TDM direction with

respect to that in aniline.

As can be seen from Table 1, the RICC2 calculations also

predict the torsional barriers very accurately. Since the

torsional barrier in o-toluidine is very sensitive to the local

electronic environment at the ring carbon atom the

methyl group is attached to, this is another indication that

the ab initio results are reliable. However, Table 1 shows

that it doesn’t predict the S1 ’ S0 excitation energy very

accurately. Moreover, no information on the sign of the y
angle can be extracted from it. A single point DFT/MRCI

calculation at the RICC2 optimized S1 state geometry was

therefore performed, the results of which were added to

Table 1. Both the size and the direction of the resulting

TDM as well as the excitation energy agree very well with

experiment.

3.2 The methyl rotor

The last piece of information that results from the spectral

analysis concerns the methyl rotor geometry contained in the

parameters F, Z and z. To avoid confusion both the values for

F and Ftop defined in eqn (3) are given in Table 1. Immediately

apparent is the fact that the parameter z has a value which is

very different from 901 in the S1 state. This is certainly not

expected and the possibility that the rotor actually makes an

18.41 angle with respect to the ab-plane is ruled out by the

inertial defect, which points to an almost planar structure.

This interpretation is therefore disregarded, and since a

reasonable correspondence between model and experiment

could only be obtained with the parameter values given in

Table 1 it seems that an alternate model is needed.
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For the interpretation of p-toluidine spectra Tan et al.8 were

forced to use a modified Hamiltonian which accounts for a

precessional motion of the methyl rotor axis. Although in the

case considered here a fit to the data is possible without

inclusion of a precession angle it cannot be ruled out that a

second, physically more acceptable solution is possible when it

is included. The appropriate form of this Hamiltonian, including

a V3 potential term, was therefore used in an attempt to obtain

Table 1 Molecular parameters of o-toluidine as determined from the fits to the S1 ’ S0 origin transition shown in Fig. 1. For a description of the
fitting procedure see section 2.2.2. Also listed are the results of ab initio calculations at the RICC2/TZVP and DFT/MRCI levels of theory

S0 S1
D(S1 � S0)

Exp. RICC2 Ref. 11 Exp. RICC2 Ref. 11 Ref. 21 Exp.

A/MHz 3229.60(17) 3268 — 3121.92(14) 3098 — — —107.68(18)
B/MHz 2188.49(16) 2219 — 2181.97(13) 2187 — — �6.52(22)
C/MHz 1316.82(9) 1334 — 1296.03(12) 1295 — — �20.79(13)
DI/amu Å2 �3.62(4) �3.59 — �3.60(5) �4.00 — — 0.02(5)
V3/cm

�1 699(11) 657 703 40.87(14) 120 40 35 �658(11)
V6 (cm

�1) 64(11) — 62 �16.8(8) — �11 28 �81(11)
Ftop/cm

�1 5.28(4) 5.51 5.18 5.086(1) 5.48 5.30 5.1 �0.19(4)
F/cm�1 5.38(4) 5.62 5.28 5.184(1) 5.59 5.40 5.2 �0.19(4)
Z/1 28.7a 28.7 — 28.14(12) 26.1 — — 7.1(23)
z/1 89.5a 89.5 — 71.6(7) 88.1 — — �18.3(6)

Exp. RICC2 DFT/MRCI Ref. 11 Ref. 21

y/1 +37.47(26) �31.5 +38.9 — —
f/1 89.3(8) 90.0 88.9 — —
n0/cm

�1 34 316.848(1) 36 137 34 706 34 316 34 316
n0(E)–n0(A1)/MHz 98 584(5) — — E90 000 E105 000
DLorentz/MHz 26.8(10) — — — —
t1/2/ns 5.95(22) — — — —

a Fixed to RICC2 calculated value.

Fig. 1 The electronic origin of o-toluidine at 34 316.848 cm�1. The upper two traces show the measured spectrum and the best simulation. In the

two traces below that an enlarged part of the spectrum is shown. The bottom trace shows a stick spectrum which contains the strongest transitions

from the simulation shown in the second trace and a convolution of these with a Lorentz function (FWHM 0.3 cm�1).
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a fit, but this resulted in a zero degree precession angle.

However, this does not rule out the possibility that preces-

sional motion is responsible for the observed effective value

of z. As was pointed out by Brodersen and Gordon24 this

Hamiltonian does not allow for any motion of the methyl

carbon atom with the torsional angle and it is therefore still

possible that the observed effect is due to motion of the whole

methyl group. They showed that this results in a marked

decrease of the effective rotational constant F with respect to

its equilibrium value, and that a precession angle of 1.51 is

typical of substituted toluenes. Looking at Table 1, indeed

it can again be seen that the measured values are much

smaller than the calculated ones and that the difference

between the two is much larger in the S1 state than it

is in S0. The fact that the ab initio results predict that the

angle z becomes 88.11 on electronic excitation, which would

mean that the methyl group comes out of the plane by 1.91,

can be viewed as further evidence to support this theory.

For this situation the Hamiltonian used in the present analysis

(given in eqn (1)) is only approximate and, as a result, the

value of z found here should not be viewed as a geometric

parameter but rather as an effective parameter which includes

perturbation effects.

3.3 Molecular structure

As was already noted in section 3.1 the rotational constants

that result from RICC2 calculations compare favourably with

those obtained from the experiment, which adds credibility

to the structure derived from them. A list of geometric

parameters is given in Table 3; the corresponding atomic

numbering is depicted in Fig. 3.

For the S0 state it can be seen that, with the exception of the

C8H8a bond, all bond lengths are shorter than in either of the

two calculations performed so far. In the S1 state the opposite

is found, and most bond lengths tend to be longer. In

combination with the observation that almost all bond lengths

increase on electronic excitation, this means that the effect the

excitation has on the o-toluidine geometry is much greater

than previously thought. This picture is confirmed by the bond

angles: whereas in the ground state they coincide very well

with the values from previous work, they differ substantially in

the electronically excited state.

When the detailed benzene ring geometry is investigated it

can be seen that in the S0 state the ring carbon bond between

both atoms the substituents attach to, C1C2, is longest whereas

the one on the opposite side of the ring, C4C5, is shortest.

Furthermore, the C1C2C3 angle is only 118.51 whereas the

C2C3C4 angle is 122.01. These all act to tilt the methyl group

away from the amino group. Since the amino group is electron

withdrawing in nature, an attempt to explain this using only

natural hybrid orbitals (NHOs), as was done for o-chlorotoluene

and o-fluorotoluene by Lu et al.,15 would lead us to expect that

the C6C1C2 angle is substantially larger than 1201. This is not

the case, with its actual value at 119.61 even slightly smaller

than 1201. Moreover, NHOs have a local effect on the ring

structure and cannot explain the fact that the C4C5 bond is

shorter than both its neighbours. These results are therefore

viewed as evidence that, unlike in o-chlorotoluene and

o-fluorotoluene, steric hindrance is an important factor for

the o-toluidine structure.

The approximate C2 symmetry axis (from an inertial point

of view) which the benzene ring possesses in the ground state,

intersecting both the C1C2 and the C4C5 bonds, is retained on

electronic excitation. Simultaneously, all ring CC bond lengths

increase, which corresponds to an expansion of the ring. With

respect to the average ring CC distance, the C2C3 and C6C1

bonds are elongated while the C2C3 and C5C6 bonds are

shortened. Combined with the fact that both the C2C8 and

the C1N7 bonds lengths increase, this means that the S1 state is

strongly ortho-quinoidal in character. From the ring dihedral

angles it can be deduced that the ring geometry also becomes

distorted in the out-of-plane direction and adopts a chair

conformation similar to that of cyclohexane. Interestingly,

while the difference between both CC bond lengths geminal

to the methyl group (C1C2 and C2C3) is 0.3 pm smaller in the

excited state than it is in the ground state, they are by no

means equal. This means that the barrier to internal rotation

of the methyl group is low in the S1 state even though good,

local C2v symmetry at the C2 carbon atom is absent. This

confirms the conclusion from earlier work that the barrier is

mostly electronic in nature and that steric effects are only of

secondary importance.14,15

Table 2 Torsional transitions used in the determination of some of
the internal rotor parameters of o-toluidine given in Table 1. For a
description of the fitting procedure see section 2.2.2. All values are
relative to the 0a1 ’ 0a1 transition, where ns(S1) ’ ns(S0) indicates
an absorption band and ns(S1) - ns(S0) an emission band

Transition Exp. Fit Diff.

1e ’ 1e 98584(5)a 98 584 0 MHz
1e ’ 2e 27.8(3)b 27.4 �0.4 cm�1

0a1 ’ 3a2 45.0(3)b 45.5 +0.5 cm�1

0a1 ’ 3a1 56.2(3)b 57.5 +1.3 cm�1

1e ’ 4e 86.8(3)b 87.8 +1.0 cm�1

1e ’ 5e 132.1(3)b 134.0 +1.9 cm�1

0a1 ’ 6a1 196.6(3)b 190.9 �5.7 cm�1

1e - 2e 182(6)c 189 +7 cm�1

0a1 - 3a1 361(6)c 358 �3 cm�1

1e - 4e 362(6)c 355 �7 cm�1

1e - 5e 472(10)c 489 +17 cm�1

0a1 - 6a1 578(10)c 578 0 cm�1

1e - 7e 589(10)c 602 +13 cm�1

1e - 8e 684(10)c 669 �15 cm�1

a This work. b Ballesteros and Santos.23 c Okuyama et al.11

Fig. 2 Definition of the transition dipole moment direction with

respect to the main interial axes.
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From the geometries of the methyl and amino groups it is

deduced that steric hindrance not only affects the benzene ring,

but also both substituents themselves. In the ground state it

can be seen from the methyl group dihedral angles that it is

rotated by about 3.81 with respect to its equilibrium position in

toluene, which has the C8H8c bond in the plane of the benzene

ring. For the amino group the combination of steric repulsion

and the addition of another electron donating group to the

ring causes it to be much more planar than in aniline (where it

is out of plane by a 37.51 angle2) and tilted away from the

methyl rotor, with one hydrogen atom 31.51 below the plane

and the other just 18.51. In the electronically excited state the

amino group becomes more planar due to sharing its lone pair

electron with the benzene p-electron system, which points to

electronic excitation comparable to that in aniline. As a result,

the methyl group orientation is now completely different, with

the C8H8a bond in a much more vertical position, not unlike

the situation in toluene.47 Especially for the methyl group the

Table 3 Rotational constants and S0 and S1 state geometric parameters for o-toluidine. The calculated values from this work were obtained at the
RICC2/TZVP level of theory. The atomic numbering refers to Fig. 3

S0 S1

Exp.a RICC2a MP2b HFc Exp.a RICC2a CISb

A/MHz 3229.60 3268 3228 — 3121.92 3098 3196
B/MHz 2188.49 2219 2178 — 2181.97 2187 2240
C/MHz 1316.82 1334 1313 — 1296.03 1295 1328
Bond lengths/pm
C1C2 — 139.8 141.1 140.1 — 142.9 142.7
C2C3 — 138.3 140.0 138.8 — 144.1 137.0
C3C4 — 138.4 139.8 138.8 — 141.9 140.0
C4C5 — 138.0 139.8 138.5 — 141.6 139.8
C5C6 — 138.1 139.6 138.5 — 142.2 136.3
C6C1 — 138.7 140.3 139.2 — 143.5 143.6
C1N7 — 139.9 141.0 140.1 — 137.2 131.1
C2C8 — 150.8 150.5 151.1 — 149.4 150.1
CH (ring)d — 107.5 108.9 107.6 — 108.4 107.3
N7H7a — 99.5 101.7d 99.8d — 101.1 100.4d

N7H7b — 99.5 101.7d 99.8d — 101.1 100.4d

C8H8a — 108.8 109.6d 108.6d — 109.9 108.4d

C8H8b — 108.5 109.6d 108.6d — 109.3 108.4d

C8H8c — 108.2 109.6d 108.6d — 109.4 108.4d

C1C4 — 278.4 281.0 279.3 — 281.3 278.8
Bond angles/1
C1C2C3 — 118.5 118.6 118.5 — 116.7 117.4
C2C3C4 — 122.0 121.6 122.0 — 119.0 121.9
C3C4C5 — 118.9 119.2 118.9 — 122.4 121.0
C4C5C6 — 120.1 120.0 120.1 — 119.4 119.5
C5C6C1 — 120.8 120.7 120.8 — 117.9 120.4
C6C1C2 — 119.6 119.7 119.6 — 123.2 119.9
N7C1C2 — 120.3 119.7 120.2 — 119.5 121.3
N7C1C6 — 120.1 120.6 120.1 — 116.8 118.8
C1C2C8 — 120.6 120.0 120.6 — 123.2 121.1
C3C2C8 — 120.9 121.4 120.9 — 119.8 121.5
H7aN7C1 — 115.1 114.2 — — 119.0 123.1
H7bN7C1 — 114.1 113.2 — — 117.5 121.2
H7aN7H7b — 111.0 109.9 110.1 — 116.1 115.7
C2C8H8a — 111.8 — 111.3d — 112.4 —
C2C8H8b — 111.3 — 111.3d — 113.1 —
C2C8H8c — 110.7 — 111.3d — 109.7 —
H8aC8H8b — 107.5 107.3d 107.5d — 107.9 108.0d

H8bC8H8c — 108.0 107.3d 107.5d — 106.7 108.0d

H8cC8H8a — 107.3 107.3d 107.5d — 106.6 108.0d

Dihedral angles/1
C1C2C3C4 — �0.5 — — — �6.0 —
C2C3C4C5 — �0.1 — — — 1.9 —
C3C4C5C6 — 0.2 — — — �4.4 —
C4C5C6C1 — 0.2 — — — 10.4 —
C5C6C1C2 — �0.7 — — — �13.6 —
C6C1C2C3 — 0.9 — — — 11.8 —
C5C6C1N7 — �177.3 �176.8 — — �177.5 0.0
C6C1N7H7a — �148.5 — — — �165.5 —
C6C1N7H7b — �18.5 — — — �16.8 —
C4C3C2C8 — 179.2 — — — 172.3 —
C3C2C8H8a — 116.0 — — — 79.0 —
C3C2C8H8b — �123.7 — — — �158.5 —
C3C2C8H8c — �3.6 — — — �39.4 —

a This work. b MP2/6-31+G* (S0) and CIS/6-31+G* (S1), Ballesteros and Santos.23 c HF/6-31+G*, Tzeng et al.22 d Average value.
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distortions in the S1 state are severe, with the three C2C8H

bond angles differing by as much as 3.41. Most significantly

though, from the C4C3C2C8 dihedral angle the methyl carbon

atom is found to move out of the plane of the benzene ring by

as much as 7.71. This supports the explanation that the

effective value of 71.61 found for z in section 3.2 is due to a

precessional motion of the whole methyl group.

4. Conclusions

The S1 ’ S0 transition in o-toluidine has been measured using

rotationally resolved electronic spectroscopy. The resulting

spectrum consists of two overlapping spectral components

which can be assigned to the 0a1 ’ 0a1 and 1e ’ 1e

transitions between torsional sub-bands that arise from inter-

nal rotation of the methyl group. The torsional parameters

that can be derived were combined with frequencies of

torsional transitions from previous work11,23 to derive

accurate barriers to internal rotation in both electronic states.

It was found that the V3 barrier is lowered from 699 cm�1 in

the S0 state to 40.87 cm�1 in the S1 state. This dramatic

lowering of the barrier to internal rotation is similar to that

observed in other ortho-substituted toluenes9 and can be

explained in terms of the difference in p-bond order between

both ring carbon bonds geminal to the methyl rotor.15

The rotational constants that were determined for both

electronic states are close to those resulting from RICC2

calcultions, and an extensive analysis of the predicted

molecular geometry was therefore made. As is usual for

substituted benzenes, the benzene ring was found to expand

on electronic excitation, and the amino group becomes

more planar. The excited state geometry has a strongly

ortho-quinoidal character which shortens both the methyl

CC bond and the amino CN bond. Para-quinoidal distortion

is frequently encountered in p-substituted benzenes on electro-

nic excitation48–50 and given the fact that o- and p-substituted

benzenes are electronically similar this is therefore not

unexpected. As a result, the steric interactions between both

substituents, which are already visible in the S0 state, are

increased dramatically in the S1 state: the methyl group makes

a 7.71 angle with the local benzene ring orientation and rotates

away from the S0 state geometry. Combined with the fact that

an unrealistically large angle between the normal of the

benzene plane and the methyl rotor axis resulted from spectral

analysis and that the effective rotational constant F was found

to decrease dramatically on electronic excitation, this

constitutes a compelling evidence for an S1 state precessional

motion of the whole methyl group.24
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