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Abstract:
Jet-cooled fluorescence excitation spectra and single vibronic level fluorescence spectra are presented
for several substituted trans-stilbenes. Nearly complete assignments of the low-frequency skeletal
modes and methyl torsional transitions are given. The methyl rotor barrier is used as a probe of the
local μ electron density and is found to be very sensitive to the nature of the electronic state, along with
substituents ten carbons away.
An extended conjugated system allows for the removal of possible steric interactions and the changes
in the methyl barrier will be influenced by μ electronic effects. The trans-stilbenes examined are:
p-hydroxy-trans-stilbene, p-methoxy-trans-stilbene, p-trifluoromethyl-trans-stilbene,
p-dimethylamino-trans-stilbene, p’-hydroxy-p-methyl-trans-stilbene, p’-cyano-p-methyl-trans- stilbene,
p’-trifluoromethyl-p-methyl-trans-stilbene, p’-dimethylamino-p-methyl-trans-stilbene, and
p’-p-dimethyl-trans-stilbene. The molecules were chosen for the electron donating and withdrawing
capabilities of the substituents. Jet expansion has been used to remove some of the spectral congestion
arising from thermal population of low frequency vibrations. The methyl torsional barriers were
measured and the substituent induced differences are discussed. The methyl barrier decreases with
substitution of remote substituents.
Two electronic origins were found in the spectra of p-hydroxy-trans-stilbene and
p-hydroxy-p'-methyl-trans-stilbene, and these origins are due to the two preferred conformers of the
hydroxy group. The hydroxy functional group and the methoxy functional group act similarly in the
excited state but differ as Van der Waals complexes with H2O.
A vibrational state mixing which accompanies methyl substitution is manifested as a Fermi resonance
in the excitation spectrum and the positions and intensities of the coupled levels along with an
approximate coupling matrix element are discussed.
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ABSTRACT

Jet-cooled fluorescence excitation spectra and single vibronic level
fluorescence spectra are presented for several substituted trans-stilbenes.
Nearly complete assignments of the low-frequency skeletal modes and methyl
torsional transitions are given. The methyl rotor barrier is used as a probe of the
local Tt electron density and is found to be very sensitive to the nature of the
electronic state, along with substituents ten carbons away.
An extended conjugated system allows for the removal of possible steric
interactions and the changes in the methyl barrier will be influenced by Tt
electronic effects. The trans-stilbenes examined are: p-hydroxy-trans-stilbene,
p-methoxy-trans-stilbene, p-trifluoromethyl-trans-stilbene, p-dimethylamino-transstilbene, p’-hydroxy-p-methyl-trans-stilbene, p’-cyano-p-methyl-trans- stilbene, p’triflupromethyl-p-methyl-trans-stilbene, p’-dimethylamino-p-methyl-trans-stilbene,
and p’-p-dimethyl-trans-stilbene. The molecules were chosen for the electron
donating and withdrawing capabilities of the substituents. Jet expansion has
been used to remove some of the spectral congestion arising from thermal
population of low frequency vibrations. The methyl torsional barriers were
measured and the substituent induced differences are discussed. The methyl
barrier decreases with substitution of remote substituents.
Two electronic origins were found in the spectra of p-hydroxy-transstilbene and p-hydroxy-p'-methyl-trans-stilbene, and these origins are due to the
two preferred conformers of the hydroxy group. The hydroxy functional group
and the methoxy functional group act similarly in the excited state but differ as
Van der W aals complexes with H2O.
A vibrational state mixing which accompanies methyl substitution is
manifested as a Fermi resonance in the excitation spectrum and the positions
and intensities of the coupled levels along with an approximate coupling matrix
element are discussed.
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CHAPTER ONE

INTRODUCTION

The importance of molecular conformation to chemical activity can not be
understated since there is a direct link between the physical properties of a
molecule and its. structure. From simple atomic structures to the complex folding
of proteins, scientists have long sought to understand the source behind structural
preference. A simple case long studied by scientists is the internal rotation about a
single bond and the resulting conformational preference in ethane. The hindrance
to free rotation about the C-C bond in ethane was discovered because of
discrepancies between the experimental determined entropy and the calculated
entropy from statistical mechanics1. The internal rotation of a methyl group has
now become a classic subject and spectroscopic studies have made it possible to
develop a well accepted explanation for the origin of barriers in the ground state2.
Spectroscopy is the study of the interactions between matter and
electromagnetic radiation3. Spectroscopic investigations give chemists detailed
information about specific molecular processes, such as vibrations, rotations,
and electronic transitions. Information concerning the barriers to internal rotation
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in the ground state can come from a number of sources including infrared,
microwave, NMR, IR and Raman spectroscopy measurements4'7.
Through comprehensive studies, the hindered internal rotation of the
methyl group is well known for its extreme sensitivity to its local steric and
electronic environment8. Any changes in molecular structure or the pi electronic
density show up in the form of different barriers for the methyl, group.

Thus,

when the methyl torsional transitions are observed in the spectrum, the methyl
. rotor can be used as a probe to study electronic features of the molecule.
Considering the methyl groups sensitivity to the local electron density,
physical chemists anticipated a dramatic change in the potential for internal
rotation by electronic excitation9. However, spectroscopy at room temperature is
complicated by the inevitable hot band excitation originating from higher
populated vibrational and torsional states.

Consequently, there had been little

information available for the internal rotation in electronically excited states10.
With the advent of supersonic jet expansion, evidence of torsional motion in
toluene, fluorotoluenes, and other substituted benzenes has been used to infer a
relationship between changes in the torsional potential upon excitation and pi
electron density within the molecule11,12.

The supersonic expansion prepares

isolated ultracold molecules with reduced spectral congestion and complex
partners depending on expansion conditions13.
The dramatic changes in the barrier heights for the methyl group upon
electron excitation is generally discussed in terms of hyperconjugation and
intramolecular

hydrogen

bonding12.

Ab

initio

calculations

confirm

that

3
hyperconjugation is the dominant interaction in determining the methyl behavior in
aliphatic systems containing a methyl group adjacent to an sp2 carbon14. Since
hyperconjugation involves an overlap of the methyl group orbitals with those of the
ring, the sensitivity to local k electron density and observed conformational
changes can be rationalized.
W ork

on

p-methyl-trans-stilbene

(CH3-Ph-CH=CH2-Ph)

suggests the

effects due to hyperconjugation extend further than the intermediate n system,
where substitution, of remote functional groups affects motion at the other end of
the molecule.

Spangler presented spectral evidence in p-methyl-trans-stilbene

of methyl rotor activity characteristic of a three-fold barrier, which indicates that
the two meta positions are inequivalent15. P-methyl-styrene (CH3-Ph-CH=CH2),
similar in structure to p-methyl-trans-stilbene, has a small six-fold barrier similar
to toluene16.

Given this, the three fold barrier to methyl internal rotation is

probably due to the remote phenyl ring six carbons away.

The large distance

separating the remote ring from the methyl bearing ring in p-methyl-transstilbene rules out simple steric interaction and the threefold barrier is most likely
an electronic effect interacting through the conjugated system.
The idea of remote interactions dictated by through-bond electron transfer
is intriguing since the.usefulness of this concept can easily be seen in the field of
organic chemistry and molecular electronics. A slow decrease in the interaction
as a function of distance is especially important in the field of electronics17.
Current research in such diverse areas as molecular electronics, protein-folding
kinetics, and applied regioselectivity is the driving force behind the desire to
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understand the nature of the excitation process on the n electron density in
conjugated systems18"21.

Statement of the problem

The aim of this research is to examine the effect of remote substituents on
methyl torsional barriers in molecules where the substituted-phenyl ring is
attached to a methyl bearing ring by means of a vinylene (-CH=CH-) linking
group.

Steric effects can be a strong factor in hindering the methyl torsion in

single ring systems. Therefore, an extended conjugated system allows for the
removal of possible steric interactions and the changes in the methyl barrier will
be influenced by n electronic effects. The extended conjugated system of methyl
substituted trans-stilbeneS makes it ideal to measure these electronic effects.
Previous research in this group has found that the strong donating
character of remote functional groups, such as the amino and methoxy functional
groups, reduce the barrier of the methyl group ten atoms away on the stilbene
skeletal frame22,23. Moreover, there is a pattern in the reduction of the barrier
suggesting that the stronger the electron-donating group, the lower the barrier.
More evidence is desirable to solidify the difficult task of understanding the
mechanism for the remote substituent effects on the methyl torsional barrier.
. Presently, there has been no unified viewpoint for the intramolecular interaction
responsible for the rotational barrier in electronically excited states11. This thesis
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presents a study of the analysis of the barrier to internal rotation for the methyl
group as a function of different remote substituents for several Stilbenes7
A comprehensive data set should include at least two donors, two
halogens, CH3, H, and one acceptor to cover the wide range of substituent
inductive properties. This study seeks to fulfill the above requirement by
selecting previously uninvestigated functional groups shown in Figure 1 which
are:

p-hydroxy-trans-stilbene, p-rh eth oxy-tran s-sti Ibe ne, p-trifluoromethyl-trans-

stilbene,

p-dimethylamino-trans-stilbene,

p’-cyano-p-methyl-trans- stilbene,

p’-hydroxy-p-methyl-trans-stilbene,

p’-trifluoromethyl-p-methyl-trans-stilbene,

p’-dimethylamino-p-methyl-trans-stilberie, and p’-p-dimethyl-trans-stilbene.

In

these molecules, the perturbation to the methyl barrier is due to electronic effects
and not steric effects from the remote substituent since the large distance
between the methyl and remote ring and the rigidity of the stilbene frame prevent
any through-space interaction. Comparison of the remote substituent effects on
the methyl torsional barriers in the stilbenes mentioned here will allow for a
sophisticated understanding to the origin of the methyl barrier in the stilbene
system.
Also, the comparison of the slight differences in electronic effects of the
remote substituent in these stilbenes furnishes an interesting look at a vibrational
state mixing which accompanies methyl substitution. This coupling is manifested
as a Fermi resonance in the excitation spectrum and the positions and intensities
of the coupled levels along with an approximate coupling matrix element will be
discussed.
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Figure 1. The stilbene analogues examined in this study.
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Finally, It would be expected that the methyl group’s tendency to couple
with ring vibrations and the observed changes in the torsional barrier should
perform an important role in the relaxation processes of the excited-state transstilbene.

Experimental evidence and theoretical arguments suggest that the

methyl rotor is an accelerating functional group for intramolecular vibrational
redistribution (IVR) within an isolated molecule24"26. Recent studies concerning
the photochemistry of trans-stilbene discuss possible isomerization mechanisms,
including IVR, that occur in the excited state27"30. In light of our current research
focus on methyl torsional barriers, it would be appropriate to comment on our
observations of possible isomerization dynamics in the excited state of transstilbene in relation to different methyl rotor behavior caused by remote
substitution.
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.

CHAPTER TWO

METHYL ROTOR THEORY AND HISTORY

Information about molecular structure and bonding can be retrieved by
considering the nature of the energy levels of the methyl group.

In usual

harmonic approximations, the vibrational modes of the molecules are assumed
to be small amplitude and are uncoupled from each other.

The low frequency

and large amplitude motion of the methyl torsion make it unlike other normal
modes of vibrations. The methyl rotor may be interpreted as a rigid body rotating
in a plane or a mass point moving in a circle of radius r. In the case of a rigid,
free internal rotation, the potential energy is taken to be zero. The appropriate
wave function describing the motion would then be the orthonormal particle-in-aring functions shown here:

m = 0, ±1, ±2, ... .

The free rotor model above is incomplete for most molecules since a
barrier generally hinders the internal rotation.

This hindrance displays itself in

the spectrum because the observed energy spacings are much larger than those
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predicted by the free rotor model.

Due to the three equivalent C-H bonds, the

potential well will possess three minima, or some integer multiple of three, and
the appropriate form for the potential function for hindered internal rotation is:

V=Znt (Vn/2)* (1-cos(n/))].

n= 3, 6 , 9 ...

where n is an integer > 0 and Z7is the torsional angle31. The dominant component
in this summation is usually the lowest component possessing the correct
symmetry. The relative signs of V3 and V6 are valuable in identifying the shape
of the potential. With a small positive V 6 and larger positive V 3, the total potential
well appears to be sharper at the base and broader at the top. The reverse is
true for a small negative V 6 relative to a positive V3.
As the barrier increases, the internal rotation becomes highly hindered
and takes on pseudo vibrational motion in the states well below the top of the
potential well. If the system is in a state below the barrier, it is classically locked
in that configuration and does not have enough energy to move to another
equivalent configuration on the other side of the barrier.
Quantum mechanically, the system can tunnel through the barrier from
one conformer to another. Tunneling represents an exchange, or permutation of
nuclei, a symmetry operation not adequately treated by point group symmetry.
The molecular symmetry groups of Bunker and Longuet-Higgins are used
allowing classification of the spin states, the states of nuclear motion, and
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electronic states of non-rigid molecules32,33.

G6 is the appropriate molecular

symmetry group for single methylated trans-stilbenes since the frame to which
the methyl group is attached has no symmetry about the torsional axis.

Table 1. The G6 molecular symmetry table.
G6

Ai
A2
E

E

(123)
(321)

m

[2]

(23)*
(12)*
(31)*
[31

1
1
2

1
1
-1

1
-1
O

In the G6 molecular symmetry group shown in table 1, E is the identity
operation, (123) and (321) are permutations of the nuclei, and the * signifies
inversion of the spatial coordinates of the entire molecule through its center of
mass34.
To determine the electronic spectrum emerging from these energy states
shown in Table 2, the torsion-rotation wavefunctions must be classified
according to the symmetry species of the molecular symmetry group. The total
wave function must observe the Pauli exclusion principle for the exchange of
fermions and can have either even or odd parity for inversion32. This restriction
applies to the * column in the G6 molecular symmetry group. The direct product

Ftof = Fe ® Fv <8>F tor ® Frot ® Fns

A-], A2
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for the total symmetry of p-methyl-trans-stilbene must be either A 1 or A2, as
expressed in the above equation. The use of supersonic expansion, discussed
in Chapter Three, should create molecules in their zero point (skeletal)
vibrational state.

Hence, the electronic and vibrational symmetries will be A 1,

and the methyl torsional levels are A 1 and E symmetry.
symmetries are either A 1 (ee, oe), or A2 (eo, oo)35.

The rotational

The symmetries of the

torsional levels in p-methyl-trans-stilbene are resolved from how the torsional
angles and basis functions transform under the operations of Ge and are given in
Table 2.

Table 2. The internal rotation angular momentum quantum number relating to
the symmetry of the torsional state with G6 symmetry.
E
m

(123)

T0 =O

t+240

2cosm©

2cosm®

(23)*
x

0

1

1

1

A1

+1

2

-1

0

E

±2

2

-1

0

E

+3

2

2

0

A 1+A2

+4

2

-1

0

E

+5

2

-1

0

E

+6

2

2

0

A 1+A2

In p-methyl-trans-stilbene, the nuclear spin wavefunctions are either A 1 or
E symmetry. From Table 3, we find all the rotational levels within a particular
torsional band have the same nuclear spin symmetry. In G6, A 1 and A2 torsions
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have A i nuclear spin symmetry and have a statistical weight of 8. Torsions with
E symmetry must have a E nuclear spin symmetry and a statistical weight of 4.

Table 3. The symmetry species for G6 p-methyl-trans-stilbene.
T tor

Te ®Tv

A1

, Trot

Tns

Ttot

A1

A1

A1

A1

E

A1

A1 ' '

E

A1

E

A1

A2

E

A2

'A 2

A1

A1

A1

A2

A1

A1

A2

A1

A1

One of the effects of the different nuclear spin symmetries of the A and E
torsional levels is the rigorous selection rule in electronic spectra. The A i and E
spin isomers result in the observance of both A<->A and E o E transitions in the
excitation spectrum. On the other hand, transitions starting in E levels can only
go to other E levels, and A i to A 1 levels. Consequently, the selection rules help
with the identification of transitions by greatly simplifying the dispersed emission
spectra. The statistical weight ratios of the torsional transitions affect their
relative intensities directly and partly explains the electronic origin intensity ratio
seen in the spectra for the methylated trans-stilbenes investigated in this thesis.
F orthe methyl substituted trans-stilbene compounds studied in this thesis,
the energy levels of a methyl rotor are labeled Oa1, 1e, 2e, Saa, Sa1, 4e, Se, 6a2,
Ga1... in order of increasing energy15. The dependence of the energy of each
internal rotational transition as a function of a V3 barrier height is illustrated in
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Figure 2. By identifying some of the low torsional levels in the spectrum, higher
transitions can often be located by a comparison with the calculated frequencies.
The geometric structure of an excited electronic state usually differs from
that of the ground state36, th e rotational fine structure of the vibrational bands is
the basic way to yield information about the moments of inertia and hence the
molecular structure. The experimental methods used in this thesis do not have
the resolution necessary to observe rotational fine structure, thus the FranckCondon principle offers the only other method of obtaining information about the
geometrical structure of an electronic state.
A qualitative picture of The Franck-Condon principle has the sluggish
nuclei retaining their position and momentum while the electrons quickly make a
transition37. The nuclei experience new forces since they are usually displaced
relative to the equilibrium geometry of the new potential surface. A change in the
conformational preference, displacement of the potential energy surface, and
barrier shape all contribute to the observed vibronic band intensities.

The

Franck-Condon principle does not influence the absolute intensity, but only
affects its distribution among vibrational components38.
The quantitative application of the Franck-Condon principle requires a
brief quantum-mechanical discussion.

The probability that an electronic

transition between two states will occur is proportional to the square of the
transition moment integral having the form: M = I

v|/ d r , where the prime
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5e-le

4e-le /
3 a , -Oa

Bamer Height cm *
Figure 2. Methyl rotor splitting as a function of V3 barrier height.
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denotes an excited state and jj, is the dipole moment operator.

For most

spectroscopic purposes the nuclei are assumed to be stationary and the dipole
moment operator depends only on electronic motion.

Since the nuclei move

much more slowly than the electrons, the Born-Oppenheimer approximation
states that it is reasonable to factor the total wave function for a molecule into a
product of wave functions as follows:
Vg =XgeXgv

where vge is the electronic wave function, and vgv is the vibrational wave function.
In the Born-Oppenheimer approximation, transitions between torsional levels in
two different electronic states can be described by an electronic transition
moment integral times a vibrational overlap integral,

M =jxg*e' Pe Xge de Jxg*v'Xgv C/v .

The square of the vibrational integral on the right is commonly referred to as the
Franck-Condon factor. This integral represents the overlap of the vibrational
wave functions of the ground and excited states. The magnitude of this integral
affects the relative intensities among vibrational components.
The first step in determining the potential barrier for a methyl group from
experimental data is to use the fortran program, VNCOS, written by Laane and
coworkers39. This program calculates the eigenvalues for a potential function of
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the type En (Vn/2)(1-cosnx). The V3 and V6 terms are optimized to reflect the
barriers that generate the proper frequency differences of the rotor levels
observed in the spectrum.
VNCOS was written to calculate vibrational levels for the potential energy
surface of a single electronic state, but lacks the ability to calculate the band
intensities in the excitation or dispersed emission spectra. A program written by
Spangler, known as INROT, calculates the frequency of a transition and its
intensity based on the barriers previously calculated from VNCOS for the ground
and excited states40.

The intensities are calculated from the Franck-Condon

factors. The values for the rotational barrier and conformational change of the
methyl group can then be optimized to yield the observed intensities and
frequencies.
As mentioned before, supersonic expansion cools the molecules down to
its lowest ai and e levels. Thus transitions to the aa levels in the electronically
excited state will be symmetry forbidden and only ai and e levels will be
accessible.

If the conformation of the methyl group was the same for both the

ground and excited state, only the a-i-ai and e-e transitions would be observed,
since only these transitions would have appreciable Franck-Condon overlaps. If
many transitions in the methyl rotor progression have intensity in a spectrum, the
conformation change is typically 30-60°.
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Molecular Orbital Explanation for the Barrier to Internal Rotation

The conformational preferences in molecules can be traced to the nature
of interactions between molecular orbitals.

Barriers to internal rotation in

molecules are among the most interesting properties that are amenable to
qualitative molecular orbital theory.

The acceptance of a simple qualitative

molecular orbital explanation for the staggered preference and resulting barrier
to internal rotation in ethane has led scientists to extend the model to more
sophisticated molecules2.
For example, the preferred eclipsed conformation for aliphatic systems in
which one of the methyl hydrogens of a methyl group eclipses the double bond
can be explained by the interaction between the occupied methyl group orbitals
of n symmetry and the % and n* orbitals of the unsaturated linkage9. The origin
of the rotational barrier is similarly related to that of ethane14.

The highest

occupied and lowest unoccupied orbitals of the methyl rotor and the n system of
a double bond are shown in Figure 3.
between filled valence shells.

The first of the four interactions are

The overlap between the two fragments is

greatest when the two methyl hydrogens are positioned directly over the double
bond. The interaction between these filled orbitals (labeled A) is repulsive since
they are both occupied, and the staggered conformation is more destabilized by
closed-shell repulsion than the eclipsed one. This destabilization is most likely
I
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Figure 3. Interaction of the n system of a nonpolar double bond with the n and 71*
orbitals of a methyl group.
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the main factor responsible for the preference for the eclipsed methyl group
conformation. If the four electron interaction is eliminated by the promotion of an
electron to a higher orbital; e.g., by mt* excitation, then other factors may dictate
a different preferred conformation of the methyl group in an electronically excited
state.

For example, the methyl group has been found to prefer a staggered

conformation of C-H bonds with respect to carbonyl functionality in the excited
states of carbonyl compounds14.

Thus the conformation having minimum n

electron overlap is favored in the ground state and the conformation of maximum
re overlap is favored in the excited state.
A particular carbonyl compound,

acetaldehyde,

has a considerably

smaller barrier to rotation (1.16 kcal/mole) than does propene (2.0 kcal/mole)41.
A qualitative description of a methyl group attached to a polar double bond has
been proposed to explain this reduction in the barrier between propene and
acetaldehyde9. The reduction in the barrier mainly involves a secondary overlap
contribution involving the methyl hydrogens and the far end of the double bond.
A general illustration of this secondary overlap contribution and brief discussion
is presented here.

Since the left atom in the polar double bond is more

electronegative in Figure 4, the empty

tc*

double bond orbital will be heavily

localized on the right atom. According to simple electronegativity perturbations,
interaction B takes on added importance at the same time interaction C is
diminished9. Figure 4 shows the dominating interaction between the Ttcn3and

tt*

fragment orbitals (labeled B in Figure 3). Thus the total positive overlap between
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Figure 4. The secondary overlap contribution involving the out-of-plane methyl
hydrogens (ttchs) and the far end of the n * system of a polar double
bond.
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these fragments is decreased and the stabilization is less. Interaction B should
increase the preference for the eclipsed arrangement and should increase the
rotational barrier. In the case of acetaldehyde, the double bond is polarized in
the opposite manner and interaction B for acetaldehyde is depicted in Figure 5.
Interaction B loses some of its ability to distinguish between the staggered and
eclipsed conformers. A reduction in conformational preference for the eclipsed
arrangement is observed since the rotational barrier for acetaldehyde has
decreased.

The point to be emphasized is the importance of this secondary

overlap contribution to the sensitivity of the methyl group to its local environment.
The secondary overlap contribution can also be illustrated in molecules
with a methyl group attached to a symmetrical local environment. An example of
this can be seen in molecules such as nitromethane, toluene, p-xylene,
p-fluorotoluene, and 2-methylpyrimidine42"46. The barrier to internal rotation in all
these molecules was found to be small. Although the interactions present in the
aliphatic compounds are also present in these aromatic compounds, the
symmetric, uniform % electron distribution on the atoms on either side of the
methyl group in the aromatic compounds makes the interaction between the
orbitals nearly equal at all torsional angles.

This symmetric n electron density

causes the forces due to hyperconjugation to nearly cancel and gives rise to the
observed small barriers. It is generally accepted that substitution in a symmetric
'/
—
local environment renders the methyl group a nearly free rotor46.
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Figure 5. The generalized description of the interaction between
fragment orbitals for acetaldehyde.

ttchs and n*
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If the aromatic ring is substituted in a position that breaks the symmetry,
the electron densities can become unbalanced causing changes in the nature
and the magnitude of the barrier. This reasoning has a significant impact on the
results found for p-methyl-trans-stilbene. Despite the qualitative similarity of the
two adjacent C sites in this molecule, a large three fold barrier was found in the
excited state15. This result suggests a significant asymmetry in the electron
I
.
distribution in the stilbene molecule in the excited state.
The simple orbital picture briefly discussed in this chapter should be able
to provide qualitative information about the variation in torsional barriers for
methylated stilbenes as a function of detailed molecular environment. W e feel
these ideas te st-rep rese nt the origin of the sensitivity o f the methyl group to n
electronic effects from the functionality of substituent effects, as will be shown, in
this thesis for substituted stilbenes.
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CHAPTER THREE

EXPERIMENTAL PROCEDURES

At room temperature, spectroscopy of non-rigid molecules is. a very
difficult process due to the inevitable hot band excitation originating from higher
populated vibrational and torsional states.

Supersonic free expansions have

been widely known to produce extensive cooling of translational and partial
cooling of rotational and vibrational degrees of freedom of molecular gases47.
Since supersonic free ,expansion is used to cool the molecules studied in this
thesis, the nature of the cooling process will be briefly discussed.
The heated sample is entrained in helium and the gas mixture is flowed
through a pulsed nozzle. As the gas expands from the high pressure region at 35 bar into the low pressure chamber around 10"5 torr, the binary collisions of the
sample and the carrier gas produce extensive cooling in the transitional,
vibrational, and rotational degrees of freedom.

The cdllisional energy transfer

occurs until the gas density becomes too low to support collisions and ends the
cooling process.

High backing pressures allow for more efficient cooling, while

low. backing pressures can not cool the molecule down to the zero vibrational
level completely, resulting in hot bands. The supersonic jet expansion process
results in molecules at nearly 0 K (0.1 K translational temperature, 3-5 K
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rotational temperature, and 10 K ca. Vibrational temperature)48.

Supersonic

expansion may also produce weakly bound molecular complexes formed
■ between the seeded molecule and the helium carrier gas47. Therefore, different
backing pressures were used to identify possible hot bands and helium
_complexes that might appear along with low frequency transitions.
The experimental methods used in obtaining excitation spectra are
shown in Figure 6. The molecular beam is generated in a six-inch nominal six
way cross evacuated by a Varian Vhs-6 diffusion pump backed by a Varian sd450 mechanical pump.

The samples are solids of low volatility near room

temperature and are susceptible to decomposition if heated above about 300 °C.
The stilbenes were heated to 130-180°c and entrained with 2-5 bar high purity
helium before supersonic expansion through a General Valve Series 9 pulsed
nozzle into the vacuum chamber.

The nozzle pin hole diameter was 0.8 mm

except for a 0.1 mm orifice to produce further cooling in p-trifluoromethyl-transstilbene and p’-trifluoromethyl-p-methyl-trans-stilbene. •
For our water complexation experiment, a dual gas flow line apparatus
was constructed to control the concentration of water in complexation of the
stilbenes. This allowed us to study the concentration dependence of the spectra
by splitting the helium flow and leading one branch through a flow controller and
a container with water before recombining it with the main flow.
water was used without further purification.

HPLC grade,
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Figure 6. The apparatus for one-photon fluorescence excitation experiments.
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The source is a Lumonics Hyperdye pulsed dye laser capable of 0.07 cm"1
resolution and has a Bethune amplifier cell which greatly improves beam quality.
The dye laser is pumped by a Lumonics HY750 Nd:YAG laser operated at 532
nm with a 20Hz repetition rate and a pulse duration of 8 ns.

The stilbenes

analyzed in this thesis cover a broad wavelength region from 28,500 to 32,500
cm'1 requiring several different dyes including DCM, R640, and LDS 698 mixed
in 100% pure methanol.
The visible light is frequency doubled to the UV with a Lumonics
Hypertrack 1000 Doubler using a BBO crystal.

The appropriate Schott filters

were used to remove visible light before passing through a spatial filter and a
focusing lens. The UV light crosses the jet expansion at right angles, and the
intersection is at one focal point of a Melles Griot REM 014 ellipsoidal reflector.
An EMI 9813qb photomultiplier tube (PMT) collects the fluorescence at the other
focal point.

The resulting signal is averaged by a Stanford Research Systems

boxcar integrator, digitized, and stored on an IBM compatible computer.

The

spectra presented are normalized for laser intensity by passing the UV beam
through a solution of Rhodamine 590 and detecting the solution fluorescence
with a second PMT.
I •

Dispersed emission (DE) experiments were performed to measure ground
state energy levels and are conducted with the same experimental apparatus
described previously with only slight modifications.

The laser is fixed at a

specific absorption frequency of the molecule, and the emission takes place to
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Figure 7. The apparatus for dispersed emission experiments utilizing the CCD
detection system.
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symmetry allowed ground state energy levels.

This can also be used for

identification of the methyl torsional transitions^ such as “a” and “e” levels which
have different nuclear spin symmetries.

Specifically, if an “a” transition is

excited, the emission will go only to “a” levels in the ground state.

A Spex

monochromator with a 0.05m focal length and a 3600 lines/mm grating collects
the emission at the other focal point.

The monochromator disperses the

fluorescence and focuses it onto a Princeton Instruments liquid nitrogen cooled
charged coupled device (CCD) detector.

CSMA software allows the user to

collect, store, process, and plot data from the CCD detector. The CCD virtues
include

it’s

high sensitivity,

high fill factor,

and

large format capability.

Additionally, the CCD’s imaging capabilities eliminate the need for scanning the
monochromator over the frequency range, cutting the data collection time from
days to hours.

-

Finally, it should be noted that the excitation spectra offer far greater
sensitivity than the dispersed emission spectra since total fluorescence is
collected in the former case. Furthermore, the resolution in the excitation data is
limited by the laser bandwidth; the dispersed emission resolution is limited by the
monochromator where it is achieved at the expense of sensitivity.

Thus, the

vibrational frequencies are generally more accurate in the excited state than the
ground state.
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Preparation of Stilbenes

-The chemistry of stilbene is. straightforward and allows for the creation of
many functional derivatives. The main method in preparing the para-substituted
stilbene molecules is a Wittig reaction between the appropriately substituted
‘aldehyde and the ylid48.

The ylid was either purchased commercially from

Lancaster Chemical Co. or made in an Arbusov reaction49. The Wittig synthesis
is known for high product yield and is advantageous due to the absence, of
skeletal rearrangements during carbon-carbon double bond formation in transstilbene. The preparation of the anion consisted of adding the ylid to a strongly
basic reagent, sodium

hydroxide, in 1,2-dimethoxyethane.

The elevated

temperatures during the reaction prevent any cis-stilbene isomer from being
present and only the stable trans isomer would be expected49. The compounds
were collected using vacuum.filtration and recrystalized in pure ethanol. Identity
and purity of compounds were assessed by SOOmhz 1H NMR, FTIR, and gas
chromatography.
P'-p-dimethyl-trans-stilbene was synthesized by first generating the ylid in
an Arbusov reaction between 12.38 ml of triethylphosphite and 10.75 ml a-,
chloro-para-xylene.

The mixture was heated gently for 1 hour. ■ Four grams

(0.0217' moles) of the ylid were dissolved in 80ml of 1,2-dimethoxyethane (DME)
and added to 1.30 grams of NaH.

The crude “ylid” product was used without

further purification in: most cases.

It was invariably contaminated with starting

material, but this proved easier to remove at the next stage. After refluxing for
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several minutes, the solution was combined with. 2.61 grams (0.0217 moles) of
p-tolualdehyde. The solution was heated to boiling and refluxed for 1 hour. The
solution was white in color and semi-transparent white crystals formed upon
addition of distilled water.

The crystals were collected using vacuum filtration

and recrystalized in 100% ethanol.

This procedure was also used for the

synthesis of p’-methoxy-p-methyl-trans-stilbene, p-dimethylamino-trans-stilbene,
p’-dimethylamino-p-methyl-trans-stilbene, p-trifluoromethyl-trans-stilbene, and p’trifluoromethyl-p-methyl-trans-stilbene.
P’-cyano-p-methyl-trans-stilbene was synthesized by adding 2 equivalents
of NaH in 80 ml of DME to 5 grams (0.0121 moles) of 4-cyano-benzyltriphenylphosphonium chloride, purchased from Lancaster Chemical and used
without further purification.

After refluxing for several minutes, 1.828 grams

(0.0121 moles) of p-tolualdehyde were added to the mixture followed by one
hour of additional refluxing.

The solution was dark orange in color and white

crystals formed upon addition of distilled water.

The crystals were collected

using vacuum filtration and recrystalized. in 100% ethanol.
P’-hydroxy-p-methyl-trans-stilbene
reaction

by first preparing

was

synthesized

in

a deakylation

p’-methoxy-p-methyl-trans-stilbene following the

procedure outline for p’-p-dimethyl-trans-stilbene50. P’-methoxy-p-methyl-transstilbene was added to 4 equivalents of boron tribromide methyl sulfide in 30 ml of
1,2-dichloroethane under an atmosphere of pure nitrogen.

Boron trihalides are

used to cleave aliphatic methyl ethers. The reaction mixture was refluxed until
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the starting material had disappeared. The reaction mixture was then hydrolyzed
by adding 30 ml of water and subsequently diluted with ether.

The organic

phase was separated and washed with 1M NaHCO3, followed by 3 X 20 ml
washings with I N of NaOH. The combined NaOH washings were extracted into
ether; the organic phase was separated and dried with MgSO4,. and the ether
was removed via vacuum. The identity and purity of p’-hydroxy-p-methyl-transstilbene was assessed by 3Q0mhz 1H NMR and gas chromatography.
P-hydroxy-trans-stilbene was obtained from Lancaster Chemical and pmethoxy-trans-stilbene was obtained from Sigma Chemical and both were used
without further purification.
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CHAPTER FOUR

EXPERIMENTAL RESULTS AND ASSIGNMENTS

A considerable amount of published work on trans-stilbene has focused
on its photoisomerization

dynamics.

Several reviews

cover the current

understanding of stilbene properties, mechanism of cis-trans isomerization, and
influence of substitution on excited states of stilbenes in solution52"54.

The

extensive chemical work already performed on trans-stilbene will help in the
understanding of the chemical relevance of our physical observations.

For

example, substituted stilbenes show fluorescence emission in the range from
340-400nm in solution and the fluorescence maximum is sensitive to the
particular substituent55. Obviously, studies in the condensed phase prevent the
resolution of low frequency modes such as methyl internal rotation, but they help
provide an approximate location for absorption.
Supersonic jet spectroscopy has allowed the study of collision-free,
isolated trans-stilbene56,57. Jet studies were crucial in the assignment of the low
frequency vibronic structure in determining the geometry for trans-stilbene.
Although trans-stilbene has 72 normal modes, only a few appear in the first 300
cm"1, so that complete assignment of the low frequency region - can be.'
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achieved52. A description of the low frequency modes investigated and assigned
in trans-stilbehe is shown in Figure 8.
Since all vibronic transitions in the cold jet are from, the totally symmetric
zero-point energy vibrational state, the fluorescence excitation and emission of a
"planar" stilbene are expected to exhibit mainly Ag (in-plane) bands. According to
the Franck-Condon principle, the similar Cah point group symmetry for the ground
and excited states of trans-stilbene allow nontotally symmetric vibrations to be
seen only as totally-symmetric double quantum jum ps58.
frequency, out-of-plane modes,

V 36

and

V 37,

The two lowest

are of Au (or A ” in Cs) symmetry and

require two quanta (AU<S)AU = Ag) to be allowed.

The absence of certain

'
,
■
symmetry forbidden bands, such as 37 0, has led to a general acceptance of a
planar C2h structure in both the S0 and S1 states for trans-stilbene59.
Since v37 is the Ce-phenyl torsion, it measures the rigidity of the stilbene
molecule.

The observance of the low frequency, enharmonic, out Of plane v37

mode and the dramatic frequency change in the. S0-S1 excitation from 9 cm"1 to
45 cm"1 has given considerable insight into the extent of conjugation in transstilbene35. The increased frequency is supported by the decreased Ce-phenyl
bond length from 1.48 angstroms in S0 to 1.42 angstroms in S159. The increased
delocalization of the n electron density in the excited state, exemplified by the
five-fold increase in the v37. frequency, can be a reason behind the observed
increase in the barrier of the methyl rotor in the excited state.

Figure 8. A description of the low frequency modes of trans-stilbene.
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This section presents the spectra of ten compounds, four of which do not
contain a ring methyl, group.

The substituents were chosen for either their

electron donating or withdrawing properties.

The influence of the electronic

effects of substituents and their mode of transmission through the aromatic
system can be measured by the changes in the barrier to internal rotation
relative to p-methyl-trans-stilben.e as described in the introduction.
In previous work by others, both the amino and'methoxy functional groups
were found to lower the barrier to internal rotation of the methyl group relative to
p-methyl-trans-stilbene21,22

Additionally,

two

methoxy

conformers

were

observable in the p’-methoxy-p-methyl-trans-stilbene excitation spectrum and the
methyl barrier was found to be dependent on the methoxy conformation.

The

methyl torsional levels built off the. red-shifted methoxy conformer electronic
origin can be fit to a 10% lower barrier relative to the second conformer.
Following the relationship between donating strength and barrier height of the
amino and methoxy functional groups, the red-shifted conformer was determined
to be a stronger donor.

The red-shifted origin was assigned to the syn (with

respect to the ethylenic linkage in stilbene) conformer from rotational coherence
spectroscopy discussed in Chapter Five.

N
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Experimental Results

p-hvdroxv-trans-stilbene

The hydroxy group is a strong electron donor similar to the methoxy, and
amino functional groups.

Additionally, the hydroxy substituent. has been

previously shown to hydrogen-bond with various solvent molecules having
proton-accepting ability in the supersonic jet60. The electronic excitation changes
the acid-base properties of the molecule making the transfer process possible.
Thus,

p’-hydroxy-p-methyl-trans-stilbene

is

an

attractive

candidate

for

investigation of hydrogen bonding influences on methyl behavior in conjugated
systems
But given the complications caused by the anharmonic methyl torsion, the
possible hydroxy conformations, and the possible presence of water complexes,
the experimental work on the simpler p-hydroxy-trans-stilbene will be presented
first.

Figure 9 shows the one-photon fluorescence excitation spectrum of p-

hydroxy-trans-stilbene.
electronic origin.

The frequencies are given in cm'1 units relative to the

The dye laser was scanned at a rate of 0.2 cm'Vsec, with

points digitized and stored every 0.15 cm"1. The vibronic structure is consistent
with the normal mode vibrations of the stilbene molecule, and nearly identical to
p-methoxy-trans-stilbene21. Figure 10 aligns the previously published, excitation
spectrum

of

p-methoxy-trans-stilbene

above

the

p-hydroxy-trans-stilbene

Figure 9. The fluorescence excitation spectrum of p-hydroxy-trans-stilbene. The conformer origins are identified with
labels A and B.

Figure 10. Comparison of the fluorescence excitation spectra of p-hydroxy-trans-stilbene and p-methoxy-trans-stilbene.
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spectrum to illustrate the similarity between the two molecules.

This similarity

yields an important piece of information since by analogy to p-methoxy-transstilbene, two electronic origins can be identified and are labeled A and B 0°o,
respectively. The same arguments made for the two origins in p-methoxy-transstilbene can be made for p-hydroxy-trans-stilbene. The increased congestion in
the spectrum of p-hydroxy-trans-stilbene compared to p-methyl-trans-stilbene
suggests more than one electronic origin, since replacing the methyl group with a
hydroxy group should not greatly increase vibrational structure.

The lowest

energy feature and intense band at 30,744 cm"1 is readily identified as an
electronic origin since it is not temperature dependent and no features appear
further to the red.

The strong transition 278 cm'1 above the first origin has no

analog to a skeletal vibration in trans-stilbene and has a V25 frequency much
different than that of the first origin built on it. The absence of a strong transition
at 2 x 278 cm '1, expected for a vibronic mode built off the A origin, is additional
support for a second origin! As in p-methoxy-trans-stilbene, the two origins are
due to the conformation of the funotional group. The preferred conformation of
the methoxy or hydroxy functional group is found to be planar with respect to the
aromatic ring. The stabilizing conjugation between the lone, pair electrons in the
p-type oxygen orbital and the n system of the aromatic ring dominates over
repulsive steric forces61.
The low frequency transitions built off the A origin can readily be assigned
by analogy to p-methoxy-trans-stilbene as 3620 at 55.4 cm'1, 37% at 91.5 cm'1,
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and 2510 at 171.4 cm '1. The frequencies for these vibrations built off the B origin
shift to 60.0 cm 1 , 85.2 cm 1, and 179.5 cm '1, respectively. The frequencies are
summarized in Table 4. All transitions listed in the tables are reported relative in
frequency to the electronic origin.
Transitions appearing at A+67 cm '1 and B+67.2 cm"1, which have no
analogs in trans-stilbene, appear at the same frequency in both the methoxyand the hydroxy-trans-stilbenes. th e substantial mass differences between OH
and OCHs and the identical frequencies rule out vibrations and torsions involving
these functional groups.

Table 4. Normal mode transition frequencies for the Si state of p-hydroxy-transstilbene.
assignment
SS20
37^o
3610371o
X

2510
3 /o
2 4

2520
2510241o
2530

A conformer
55.5 cm"1
91.5
73.5
67
171
183.8
245.3
342.5
416,5
516.4 ■

B conformer
60 cm"'
85
72
67
179.5
171.0
211
358
390
537.5

Dispersed fluorescence can be very helpful in identifying features due to
the two conformers. The dispersed emission from the two origins are shown in
Figure 11. The dispersed emission from the A origin is an average of 7 six
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Figure 11. The dispersed emission from the origins of the A and B conformers of
p-hydroxy-trans-stilbene.
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minute exposures at 21 Ojum slits. The B origin emission is an average of 9 six
minute exposures at 21 Onm slits.

With an entrance slit of 200 microns, the

overall resolution will be approximately 11 cm"1.

In the dispersed emission

spectra presented in this thesis, the bands at 0 cm"1 are coincident with the laser
frequency and the intensity o f the peaks has not been corrected for some
contribution from scattered light.
The most intense feature in the dispersed fluorescence of the A
conformer is 25°, at 180.2 cm’1. The dispersed fluorescence spectrum of the B
origin band at 31,015 cm"1 shows the intense 25°, at 195 cm '1. Another distinct
characteristic identical to that of the two conformer origins in p-methoxy-transstilbene is the large Franck-Condon activity in V24 seen in the emission from the
A conformer origin and missing from the B origin emission22. This is additional
evidence to the striking similarities between the two molecules.
The dispersed emission intensity is much lower for p-hydroxy-transstilbene than p-methoxy-trans-stilbene because of less sample in the gas phase.
The dispersed emission proved futile for transitions belonging to the A conformer
other than the electronic origin.

The combination of weaker transitions in the

excitation spectra for the A conformer relative to the B conformer and a higher
Franck-Condon activity (evident from the A-O00 emission) produces emission
spectra with poor S/N.

On the other hand, dispersed emission of certain

transitions belonging to the B conformer could be obtained and are shown in
Figure 12.

The V20 vibration is the most prominent feature in trans-stilbene
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spectra and forms a long progression in both excitation and emission.

The

dispersed emission spectrum of 251 is an average of 10 ten minute exposures
with 200pm slits. The absence of the 2 5 \ band in the 251 level emission
spectrum is noteworthy since it would be the strongest for a small geometry
change from So to Si.

Franck-Condon analysis of the intensity distribution in

trans-stilbene confirms a calculated geometry change of 1.3° in the bend angle
between So and S i62. Thus, the absence of 2 5 \ can be used in general to
support the assignment of v25 in the excited state spectrum of the stilbenes
studied in this thesis.

Table 5. The major vibrational frequencies for the So state of p-hydroxy-transstilbene.
assignment

A conformer

B conformer

CN

CO

O
N

20.5 cm"1

SJ04

52.8

°s

259

224

25°2

362

387

W

O

24° t

M

195.4

Ol

180.2 cm"1

577

The dispersed emission from B 372o shows a nice progression in the
ground state at 20.5, 52.5, and 82 cm"1 for SJ02, S l04, and 3706, respectively.
Although several ground state vibrational frequencies remain unassigned for the
A conformer of p-hydroxy-trans-stilbene due to inadequate S/N, the nearly
identical frequencies that have been observed in the excited state and ground
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Figure 12. The dispersed emission spectra of the low frequency vibrations for
the B conformer of p-hydroxy-trans-stilbene.
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state of p-hydroxy-trans-stilbene and p-methoxy-trans-stilbene suggests that
both molecules act the same under supersonic expansion.

■p-hvdroxv-trans-stilbene-(HpChn

W ater complexes of p-hydroxy-trans-stilbene were investigated as a
function of water concentration in the carrier gas.

Since the supersonic

expansion is a nohequilibrium process where only a limited number of effective
collisions occur, the formation of large clusters is inhibited63.

Also, cluster

formation is sensitive to expansion conditions, so the partial pressure of the
water was kept as low as possible in order to see the first step of the
complexation.

This was performed using a fine metering valve on a second

solvent flow line to introduce small amounts of water vapor into the carrier gas as
described in the experimental section. The spectral grade water was contained
in a liquid reservoir placed upstream from the hot sample/nozzle system.

The

ability to control water concentration is crucial in determining cluster size,
especially in a molecule such as p-hydroxy-trans-stilbene which has several
binding sites for complex formation.
Figure

13 shows the growth, of the p-hydroxy-trans-stilbene*(H20 ) i

complex under increasing water conditions.

The water molecule changes the

electronic energy and produces a spectral shift relative to the bare species.
Since the growth of new peaks separated by 20 cm'1 and centered around the B
origin seems to correlate with an increase in water concentration, they are
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assigned to the hydrogen-bonded complex formed between p-hydroxy-transstilbene and water. Another important feature seen in the spectra at increasing
concentrations of water is that the intensity ratio of the A h2o and B h20 bands is
nearly equal to the ratio of the A band to the B band. W ith only a small amount
of water added, the new blue-shifted water complex peaks are more intense than
the bare molecule. The similar intensity ratio of the new peaks (labeled A h2o and
Bh2o) under the various water concentrations in combination with the bare
molecule behavior indicate the new peaks are the cis and trans conformers of
the one water complex.

The blue shift induced for the hydrogen bonding is

270.5 cm"1 and 13 cm"1 for the A H2o and B h2o, respectively.

The almost-

complete solvation of the bare molecule, evident from the very low intensity of
the bare molecule Originsi is seen in the spectrum taken with a water
concentration obtained by opening the fine metering valve to 50 units (second
from bottom trace in Figure 14). The fluorescence spectrum arising from the
water complex displays similar vibrational structure as the bare p-hydroxy-transstilbene indicating that solvation with a single molecule of water does not strongly
modify the structure of the molecule.

Eventually, two more peaks separated

from each other by 45 cm '1 begin to appear with the continued increase of water.
The second set of new peaks are red shifted 130 cm'1 and 86 cm"1 from the bare
origin, respectively. Given the depletion of the initial water complex peaks'as a
result of these new peaks, the red-shifted peaks are tentatively assigned as.the
A and B conformer for p-hydroxy-trans-stilbene-(H20)2.
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Figure 13. Dependence of p-hydroxy-trans-stilbene/H20 cluster fluorescence
intensity from H2O concentration.
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Figure 14 The fluorescence excitation spectrum of P-Mydroxy-Irans-StiIbene^(FI2O)1. The conformer origins are identified
with labels A and B
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Figure 14 shows the one-photon fluorescence excitation spectrum of phydroxy-trans-stilbene*(H20)i.

The frequencies are summarized in Table 6.

One feature of this spectrum that is worth mentioning is the absence of a strong
transition near .67 cm"1. To understand the importance of the missing 67 cm"1
transition in the water complex species, it is useful to briefly present the ideas
first discussed with p-methoxy-trans-stilbehe22. Since the transition appears at
67 cm '1 in both p-hydroxy-trans-stilbene and p-methoxy-trans-stilbene, the
differences in the reduced mass between OCH3 and OH rule out an assignment
as a functional group vibration of the remote substituent.

This transition could

then be a stilbene vibration that is modified by the presence of the hydroxy
group.

The low frequency of the peak suggests either

perturbed vibrational mode.

V 36, V 37

or

V 48

as the

Noting the fact that this transition only appears in

substituents that lack para axis symmetry, the torsional modes of the phenyl
rings may be involved because the hydroxy group can spoil the twofold
symmetry of the phenyl rotor.

Table 6. Normal mode transition frequencies for the Si state of p-hydroxy-transStiIbene=I=(H2O)1.
assignment
372o
X

2510
3740

O

CM

SO
To

252o

A conformer
92
?
185
' 180
195
263
368
447

B conformer
91
?
184
179
194
262
367
446
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The

four planar

ring

conformations

in trans-stilbene

are

fourfold

degenerate in energy and separated by high energy barriers. The horizontal axis
in the ring torsion surface potential is the torsional coordinate for a single ring
(<|>i); the vertical axis is the torsional coordinate of the other ring ((J)2).

The

diagonals of the potential surface correspond to moving both rings with one
being V37 (<j)i-(()2) and the other V48 ((h+ ^). The V37 and V48 vibrational description
is appropriate for the phenyl torsions in trans-stilbene.

In the limiting case,

substitution of one phenyl with several very large groups would localize the ring
torsion in the less hindered ring and could be expressed as a linear combination
of v 37 and v48.

Flipping the phenol ring in p-hydroxy-trans-stilbene by 180°

converts between the two hydroxy conformers, which differ by -2 7 0 cm"1 on the
Si potential surface.

This energy difference between the pairs of minima

requires more local torsional character for an accurate description and is
probably sufficient to cause noticeable v 37 and V48 mixing.
Since the energy difference between the two hydroxy conformers in the
van der W aals complex of p-hydroxy-trans-stilbene with water is 20 cm"1, the
possible mechanism that allows for

v3
7 and V48

mixing is removed.

While the

exact assignment of the observed peak at 67 'em"1 remains uncertain, we
strongly suspect that this mechanism described above is responsible for the
transition in both p-hydroxy-trans-stilbene and p-methoxy-trans-stilbene.
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p-methoxy-trans-stilbene-fHgCOn

p-methoxy-trans-stilbene was also examined under similar expansion
conditions

and

the

water

complexing

behavior

is

completely

different.

Comparison of p-methoxy-trans-stilbene and p-hydroxy-trans-stilbene under the
same expansion conditions and water concentration is shown in Figure 13. New
methoxy*H20 transitions are seen only at much higher water concentration and
at different frequencies than for p-hydroxy-trans-stilbene. These transitions are
likely due to a water molecule attached to the methoxy group, but may be due to
a Ti complex.

Otherwise, the p-methoxy-trans-stilbene spectra look the same

under increasing water conditions.

These differences in hydrogen bonding

behavior will be further addressed in the discussion.

p-hydroxv-p’-methvl-trans-stilbene

The expansion cooled, fluorescence excitation spectrum of p’-hydroxy-pmethyl-trans-stilbene is presented in Figure 16. Readily apparent are two origins
separated by 266 cm"1, similar to the p-hydroxy-trans-stilbene spectrum. With
the addition of the methyl group, the spectrum is nearly identical to p’-methoxy-pmethyl-trans-stilbene. This similarity in the spectra between the two methylated
species compliments the result found for p-methoxy- and p-hydroxy-transstilbene. The absolute frequency of the A-O00-Oai in p’-hydroxy-p-methyl-transstilbene

has decreased

to

30,536 cm' 1 upon

methyl

substitution. The
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Figure 15. Fluorescence excitation spectra of p-hydroxy-trans-stilbene and p-methoxy-trans-stilbene under the same
water concentration.
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assignments for the B conformer are complicated by the presence of many
transitions assigned to the A conformer. We were unable to completely dry the
p’-hydroxy-p-methyl-trans-stilbene, so water complex peaks are visible near the
B conformer. The conformer origins and several other normal mode transitions
appear as a doublet and are accompanied by low frequency transitions.

By

analogy with p-methyl-trans-stilbene, p’-amino-p-methyl-trans-stilbene, and p’methoxy-p-methyl trans-stilbene, the low frequency transitions are ascribed to
the very enharmonic, hindered internal methyl rotor. Methyl torsional levels will
not display the doublet splitting, so most unsplit transitions can be assigned to
. the methyl rotor.
As discussed in Chapter Two, the anharmonic internal rotor levels require
a different symmetry treatment than Cs point group symmetry used for the
stilbene skeletal modes because the three-fold symmetrical methyl group may
tunnel between the triple minimum potential well.

The appropriate symmetry

group in this case is Ge which has three irreducible representations (shown in
Table 1) labeled A-i, Aa and E. The levels of the methyl rotor are labeled with an
internal rotation angular quantum number and the symmetry of the level
increasing in energy as Oa1, 1e, 2e, Sa1, 4e, Se, etc... . The tunneling of the
internal rotor wave functions, however^ splits the triply degenerate levels into
singly and doubly degenerate levels A and E, respectively. Transitions between
levels of A and E symmetries are forbidden.

If the barrier to rotation remains
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cm
Figure 16. The fluorescence excitation spectrum of p'-hydroxy-p-methyl-trans-stilbene. The conformer origins are
identified with labels A and B.
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■25 O 25 50 75 100 125 150 175 200 225 250 275 300
cm ' 1
Figure 17. The first 300 cm"1 of each conformer in the fluorescence excitation
spectrum of p'-hydroxy-p-methyl-trans-stilbene. The B conformer
origin has been placed directly under the A origin for comparison
purposes.
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unchanged between S0 and S1 energy states, the. Oa^-Oa1' and 1e”-1e’
transitions will be the same frequency and the origin will be only one peak,
containing both transitions. If the barrier to rotation changes, however, the origin
will appear as a doublet due to the slightly different energies for the Oa1-Oa1 and
e-e transitions.
The origin doublet for the bare A conformer at 0 and -3.0 cm"1 relative
frequency is assigned to the Oa1- Ie transitions and the singlet bands at 47 cm"1,
and 77.3 cm
respectively.

are assigned to the 2e and Sa1 methyl torsional bands,
Likewise, the methyl torsional bands Oa1l Ie , 2e, and Sa1 for the

bare B conformer are assigned at 0, -3.3, 51, and 84.5 cm"1.

For comparison

purposes, the B origin is aligned underneath the A origin in Figure 17.

The

difference in the torsional level energies between the A and B conformers is
indicative of a change in the methyl rotational barrier and points to the sensitivity
of _the methyl rotor to the conformation of the hydroxy group.

Since the

fluorescence excitation and dispersed emission spectra for the p-methoxy- and
p-hydroxy-trans-stilbenes are nearly identical, and the excitation spectra for the
methylated species are also nearly identical, dispersed emission experiments on
p’-hydroxy-p-methyl-trans-stilbene were deemed unnecessary.

The striking

similarity between the p’-hydroxy-p-methyLtrans-stilbene spectrum and the p’methoxy-p-methyl-trans-stilbene
transitions.

spectrum

helped

in

the

assignment

of

58
The most prominent vibration is

V 25

and 2510 for the A conformer is at 159

cm' 1 and 2510 for the B conformer is located at 167 cm '1.

The individual

vibrations A-252o, B-362o, B-2e, and B*(H 20)-2e are nearly degenerate in energy
and create the very broad peak 50 cm' 1 above the B bare origin in the spectrum.

CO

Table 7. Normal mode transition frequencies for p'-hydroxy-p-methyl-transstilbene.
B-S1

0 cm"1

0 cm"1

1e

-3.0

-3.3

2e

47

51

Sa1

77.3

84.5

X

38

38.6

%

59.4

52

7210

154

169

In

159

167

230

203

■ 2520

318

334

389

636

476

767

CO

Oa1

°L
O

>

assignment

•

K

O

O

Ni

O

CM " a

O

LO
CM

CO

p’-hvdroxv-p-methvl-trans-stilbene*(H90)n

The p’-hydroxy-p-methyl-trans-stilbene spectrum undergoes a dramatic
change with the addition of small amounts of water vapor, Figure 14 shows the
one-photon

fluorescence

stilbene*(H20 )i.

excitation

spectrum

of p’-hydroxy-p-methyl-trans-

As with p^hydroxy-trans-stilbene, the behavior of the new

1851

254

55 .

Figure 19. The dispersed emission spectra of the methyl torsional levels for the A and B conformers of p'-hydroxy-pmethyl-trans-stilbene*(H20 ) i.
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transitions centered around the B origin confirm them as the A H2o and B h2o
conformers of the one water complex. In comparison with the bare p’-hydroxy-pmethyl-trans-stilbene spectrum, the A conformer in the water complex has blue
.shifted 258 cm' 1 to within close proximity of the B origin. The B origin has slightly
blue-shifted 16.5 cm"1.

The water complex peaks also exhibit the torsional

splitting seen in other methylated species and gives a great opportunity to
investigate remote hydrogen bonding effects on the methyl barrier.
• The splitting between the Ie-Oa1 transition for the A h2O conformer is 2.8
cm"1 and increases just slightly to 2.9 cm"1 for the BH2o conformer. Both of these
a-e splittings have decreased relative to the A and B conformers for the bare p’hydroxy-p-methyl-trans-stilbene.

For the A h2O conformer, the 2e is assigned at

36.4 cm \ and the Sa1 is assigned at 72.4 cm"1. The B h2O conformer torsional
frequencies are very similar with the 2e assigned at 35.2 cm"1, and the Sa1 at
70.8 cm"1. There are several higher frequency transitions that can be possible
candidates for internal rotor levels.

A careful examination of the excitation

spectrum reveals two broad peaks near the calculated frequencies (100 cm"1) for
the 4e level for each conformer.

It is generally accepted that the e transitions

are significantly broader than a transitions, so the peaks at 96.8 cm"1 above the
A h2o and 95.6 cm"1 above the BH2o have been assigned as the 4e level for each
conformer. The “e” only transitions can be identified at 46.5 cnT1 and 46.1 cm"1
for the A r2O and BH2o levels, respectively. Worth mentioning is the two narrow
transitions appearing 4.5 cm"1 and 3.4 cm"1 to lower frequency of the A h2o and
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Bh2o 4e levels, respectively. A similar transition accompanying the 4e level in pmethyl-trans-stilbene was identified as 371o3a2 based on dispersed emission35.
This transition

is

also

seen

in the

p’-p-dimethyl-trans-stilbene

spectrum

presented later in this chapter and is further discussed in that section. Thus, we
speculate that 3713a2 is also present in the spectrum here.

A-S q

A -S 1

B-So

Oa1

0 cm'1

0 cm'1

0 cm"1

1e

-2.8

CO

assignment

00

Table 8 . The torsional and vibrational frequencies for So and S 1 of the A and B
conformers of p'-hydroxy-p-methyl-trans-stilbene (H2O)1.

0 cm"1
.

-2.9

2e

21.60.

36.4

23.25

35.2

Sa1

56.16

72.4

52.06

70.8

4e

96.8

95.6

X

46.5

46.1

V=

1

183.93

174.4

185.4

173

V 24, V =

1

256.96

243

259

242.7

V2S, v=2

374.29

348.4

371.24

347

V2S+V24

416.4

443.9

414.7

v=2

487.4

V2Si

V 24,

v25, v=3

556.77

.

486
557

The v 25 in-plane vibration for the A conformer has increased with the
addition of the water molecule from 159 to 175 cm '1.

The B conformer v25

frequency has also increased from 167 to 173 cm '1. The overlap of the spectra
of the two water complexed conformers, now separated by only 23.7 cm'1,
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H -O

Figure 20. The methyl torsional progressions for p'-hydroxy-p-methyl stilbene
clustered with one and two water molecules, respectively.
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makes the methyl rotor assignments difficult.

For this reason, the assignments

are largely based on information obtained from dispersed emission.
Each dispersed emission spectrum shown in Figure 19 was an average of
ten 300 second exposures. taken with slit widths between 250-300 pm.
Symmetry based selection rules state that the emission from an a-i level must go
to another ai levels, and e to e levels. Since the ground state frequencies are
extracted from combination differences, selection rules prevent the O ai-Ie
splitting from

being found experimentally.

Exciting the complexed A-Oai

transition gives a transition at 56 cm '1, which is assigned to the 3ai level in the
ground state. The 56 cm'1 band is also seen in emission from the 3ai level in S-i.
The methyl torsional frequencies of the one water complex can be fit with a
barrier resulting in V 3 = 77.8 cm' 1 for the A conformer and V 3 = 74.5 cm"1 for the
B conformer.
With the increasing H2O, a new pair of complex origins red shifted by 118
cm"1 with respect to the bare molecule is obtained. These
similar

relative

frequency

hydroxy-trans-stilbene+H20 .

to

the

red

complex

transitions are at a

transition observed in p-

Thus, the pair of red shifted complex origins,

shown in Figure 20, are tentatively assigned as p’-hydroxy-p-methyl-transstilbene*(H20 ) 2.

The complex still retains sharp features and the methyl

torsional frequencies built off these red shifted origins can be fit to a barrier
resulting in a V 3 = 96.42 cm' 1 and V 6 = 15.13 cm'1 for the A-(H 2O)2 conformer
and V 3-= 97.79 cm'1 and V 6 = 21.32 cm'1 for the B-(H2O)2 conformer.

The
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conformer barrier difference between the cis and trans species is again
significantly reduced for this complex, and the addition of a second water
increases the methyl torsional barrier back to an average of the torsional barriers
,■
Zi
.
found for the bare molecule.

Table 9. Methyl torsional levels for p’-hydroxy-p-methyl-trans-stilbene and water
complexes in the Si excited state..
hydroxy-methyl (HgO)1

hydroxy
methyl (HgO)Z

Transition

A

B

A

B

A

B

O a1

O cm"1

0 cm"1

0 cm"1

0 cm"1

0 cm'1

0 cm' 1

1e

-3.0

-3.3

N
CO

. hydroxy-methyl

-2.9

-3.0

-3.1

2e

47.0

51,0

39.2

38.1

49.55

50.2

Sa1

77.3

84.5

72.4

70.8

80.25

80.2

99.6

98.5

4e
V 3'

91.26

103.9

77.8

74.5

96.4

97.8

V6'

16.10

10.49

-9.9

-9.0

15.1

21.3

p’-cvano-p-methyl-trans-stilbene

In para’-substituted-p-methyl-trans-stilbenes, it was quickly recognized
that electron-donating functional groups exert a characteristic “substituent effect”
on the torsional barrier of the methyl group ten carbons away. Inspection of the
data revealed a pattern in the lower torsional barriers that was consistent with
the electron-donating ability of the substituents.

Lower torsional barriers were

also found for the remote chlorine and fluorine halogen substituents64. Halogens

A
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are strongly electronegative, withdrawing electron density from the carbon atom
through the sigma bond, yet donate electron density from the nonbonding
electrons through n bonding65.

In light of this dual nature of the halogens,

remote electron-withdrawing functional groups “substituent effect” on the methyl
torsional barrier are inconclusive. Thus we include in this study several electronwithdrawing groups to cover a wider range of substituent inductive and
resonance properties.

The cyano functional group has strong electron-

withdrawing behavior and should pull electron density from the stilbene n system.
The electron density throughout the conjugated system, including the area near
the methyl group, should be affected by the CN substitution.
Figure 21 shows the fluorescence excitation of p’-cyano-p-methyl-transstilbene. The electronic origin and several other strong skeletal modes appear
as doublets, which is a characteristic of the methyl rotor splitting seen in every
other methylated stilbene investigated thus far.

The absolute frequency of the

Oai transition of the origin is 30,682 cm '1. The spectrum shown was recorded at
a speed of 0.2 cm Vs with a backing pressure of 2.6 bar He: The spectrum is
very similar to the spectrum of p’-fluoro-p-methyl-trans-stilbene, except for two
transitions near 140 cm 1 above the origin.

This is intuitively reasonable since

the cyano group and the fluorine atom are comparable in their electronegativity
properties and their molecular weight65.

The Ie-Oa1 splitting is 3 cm"1, 2e is

assigned at 43.85 cm 1, and Sa1 is identified at 75.55 cm"1. As with other stilbene
analogues, there are two transitions near the expected frequency for 2e which

Oa1

CN

x\

I— CM,

25^ S a1

75.6

24;?

2 4 ; 25^
m
25^2e

-2 5

O

vJvAa
2 5 5 0 7 5 1 OO

"N i

VmV \

VuM 150

200

250

300

350

Figure 21. The fluorescence excitation spectrum of p'-cyano-p-methyl-trans-stilbene.
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have characteristics of e levels (see Figure 22).

This low frequency transition

appearing at 35.7 cm"1 will be explained in the discussion.

Higher members of

the torsional progression can not be identified due to lack of intensity and
spectral congestion..
The most prominent normal mode vibrational progression is V25 at 183
c m 1; 367.9. cm"1, and 552 cm' 1 above the origin for 2510, 2520, and 253o,
respectively. A new transition relative to p-methyl-trans-stilbene is observed at
139.1 cm'1 above the origin and displays the Oa1- Ie splitting.

Since the CN

functional group bend appears at 527 and 494 cm’1 for p-aminobenzonitrile and
dimethylaminobenzonitrile, respectively, it can be ruled out as a possible
candidate for any of the low frequency structure in p’-cyano-p-methyl-transstilbene66. A comparison between the p’-fluoro-p-methyl-trans-stilbene and p’cyano-p-methyl-trans-stilbene shows the transition appearing at 241 cm"1 in the
fluoro compound is absent in the cyano compound.

Conversely, the 140 cm"1

transition in p’-cyano-p-methyl-trans-stilbene is absent in the fluoro compound.
Since the dispersed emission spectra between these corresponding transitions
show very similar characteristics, it seems likely that they are the same
transition.
The in-plane . Ce-C-C bending mode, v24, is calculated by Warshell67 to
have a frequency of 309 cm"1, but has generally been assigned to a transition
appearing between 200-300 cm"1 above the origin in the stilbene spectra,
including

p’-fluoro-p-methyl-trans-stilbene58.

Previous work

on p’-fluoro-p-
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Figure 22. Dispersed emission spectra of methyl torsional transitions for p'cyano-p-methyl-trans-stilbene. Note the similarity of the 35.7 cm' 1
band with the e torsional levels.
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Figure 23. The dispersed emission spectra of the low frequency vibrations of p'cyano-p-methyl-trans-stilbene.
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methyl-trans-stilbene identifies 2410 at 241.6 cm"1 and 241 at 256 cm"1 64. The
140 cm

transition is tentatively assigned as 241o since (i) no transition appears

in the expected range of 240 cm 1, and (ii) the dispersed emission is similar to
the +241 cm"1 transition in p’-fluoro-p-methyl-trans-stilbene.

Note that for p’-

hydroxy-p-methyl-trans:stilbene (see Figure 17), 2410 red shifts 30 cm'1 for only a
cis (A) to trans (B) conformer change, so a significant shift in V24 is not
uncommon.

Although there are several other low frequency transitions that

remain unassigned, most of the transitions seen in the spectrum can be
identified as methyl torsional levels, v24, v25, and combinations thereof.

Table 10. The torsional and vibrational frequencies for the ground and excited
states of p'-cyano-p-methyl-trans-stilbene.
Assignment

Sn

S1

Oai

0 cm' 1

0 cm'1

1e

-3.0

2e

19.5

43.85

3ai

53.5

75.55

24, v = 1

147

25, v = 1

195

183

24 + 25

343

323.9

25, v = 2

390

367.9

25, v = 3

585

552

.

139.1

Dispersed emission from the v24 and v25 transitions in p’-cyano-p-methyltrans-stilbene are shown in Figure 23.

The dispersed emission spectrum from

the Oai transition of v24 shows a progression of peaks at 147, 298, and 436.cm"1^
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assigned to. the first three quanta of V24 in the ground state. The 198, 392, and
590 cm

bands are assigned to the first three quanta of v2s; these peaks can

also be seen in the dispersed emission from 251o. The strong v25 progression
produces numerous combinations with v24 which can be identified at 344, 489,
687, and 743 cm"1 completing the rest of the assignments of the observed peaks
for this spectrum.
The assignments of the methyl torsional progression are supported by
dispersed emission (see Figure 22).

Excitation of the Oai and 3ai transitions

gives the frequency for Sai of 54 cm"1 in the ground state. Excitation of 1e and
2e levels yielded the expected frequency for 2e of 2.0 cm"1 in the ground state.

Table 11. The calculated and experimental torsional frequencies for p'-cyano-pmethyl-trans-stilbene.
assignment
Oa1 .

S1

S0
experimental

calculated

experimental

calculated

0 cm"1

0 cm"1

0 cm' 1

0 cm' 1

-3.1

-2.75

1e
2e

19.5

19.49

43.8

43.78

Oa1

53.5

53.50

75.6

75.55

4e

89.11

101.5

101.8

V3

32.67

87.36

V6

-6.09

9.12

The barrier to internal rotation for the methyl group has been fit for both So
and S1.

The barrier for S0 is V3' - 32.7 cm"1 with a small contribution from V6 of
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-6.09 cm"1. The first excited state fit is V 3- 87.36 cm' 1 with a small contribution
from V3 of 9.12 cm" . It was assumed that a 60° conformational change occurs
'

1

as analogous to other stilbenes and B - 5.4 cm" .

Experimentally, the methyl

torsional barrier in p’-cyano-p-methyl-trans-stilbene is lower than p-methyl-transstilbene (150 cm"1) and p’-fluoro-p-methyl-trans-stilbene (100.5 cm"1).

p’-nitro-p-methyl-trans-stilbene

A brief mention will be made of a stilbene containing a stronger electron
withdrawing group, p’-nitro-p-methyl-trans-stilbene. A sample was prepared and
the analyzed by NMR, UV-VIS, FTIR1 and GC for purity and quality. The melting
point of 150oc was also compared to literature results68. Multiple attempts to find
signal at various times were unsuccessful. There are several possibilities for this
lack of fluorescence intensity in a S i< -S 0 electronic transition. It has been
suggested that nitroaromatic molecules undergo an initial dissociation of the nitro
group followed by photon absorption from the secondary structure69. There is
general acceptance of this photodissociation owing to the readiness with which
nitro-type compounds lose their nitro groups when irradiated with ultraviolet
light70.

Other researchers have found the nitro functional group capable of

enhancing

the

intersystem

photoisomerization71’72.

crossing

efficiency

to

triplet

formation

and

Finally, p-nitro-trans-stilbene is weakly fluorescent even
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at low temperatures and this may be the case for p’-nitro-p-methyl-trans-stilbene
as well73.

p-trifluoromethvl-trans-stilbene
Our interest in this molecule comes from the need for an additional
electron-withdrawing group to validate the behavior found for the CN electronwithdrawing functional group. The electron-withdrawing nature of CF3 is caused
by the great electronegativity of the fluorine atoms74. Given the complexities of
the low frequency torsional structure of the CF3 group, an investigation of a
species containing a lone CF3 group will allow for a better understanding of the
electronic spectra.
The fluorescence excitation spectrum of p-trifluoromethyl-trans-stilbene is
shown in Figure 24. The glaring feature of p-trifluoromethyl-trans-stilbene which
makes it so distinctive is the length and strength of a regular series of bands
extending over 120 cm"1 built off the origin and other skeletal transitions. As
explained in the experimental section, a 100p pinhole diameter was used in the
pulsed nozzle to further cool the molecule to reduce the number of hot bands
observed.

The

progression

is

similar

to

the

behavior

found

aminobenzotrifluoride and attributed to the substituent, CF375.

in

2-

Significant

differences are expected between the torsional levels in the spectra of p-methyltrans-stilbene and p-trifluoromethyl-trans-stilbene because of the greater mass of
the CF3, as compared to the CH3 rotor. The internal rotational constant (F) of the
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Figure 24. The fluorescence excitation spectrum of p-trifluoromethyl-trans-stilbene.
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Figure 25. Torsional progressions for the trifluoromethyl group in p-trifluoromethyl-trans-stilbene. Prominent hot bands
are obsen/ed at low pressures due to the small rotational constant of the trifluoromethyl group.
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CF3 group is much lower than CH3 owing to the higher mass of the fluorine
atoms off the rotational axis.
The combination of a smaller rotational constant, and the heavier fluorine
atom being poor at tunneling results in (i) most of the torsional states lying well
below the barrier and (ii) no splitting into the “a” and “e” components will be
observed.

The loss of tunneling behavior will make the CF3 torsional levels

appear more harmonic.

The regularity of the observed series and absence of

splitting signify that at least eleven torsional vibrational levels lie below the S1
torsional barrier, which must be higher than 110 cm '1, and the motion can be
described as a torsional vibration versus internal rotation.
The lower value for F in CF3 drastically reduces the spacing between the
torsional levels and a greater number of So levels will have population even at
the low temperature of the supersonic jet.
different expansion conditions.

Figure 25 highlights the origin under

As the helium backing pressure is decreased

from 2 bar to 0.2 bar, new transitions grow in with different intensities
characteristic of hot bands.

The hot bands are CF3 torsiona l. transitions

originating from higher levels.

The presence of these hot band progressions

gives us several ,ground state torsional level energies that may not have been
resolved using dispersed emission. The first three levels have a frequency
separation of only 5 cm"1, which fits a ground state barrier for the trifluoromethyi
group in the ground state of V3”=15 cm '1. Such .a low barrier indicates that the
third torsional level is at. the top of the barrier and may explain the congestion..
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that occurs at the low frequency end of the spectrum under warm expansion
conditions.
The

CF3 torsional

progressions

clearly

present

a

congested

and

complicated spectrum. The complex spectrum prevents a confident assignment
of all members of each progression, hence the experimental frequencies are
found by measuring the frequency difference between the correlating members
of each identifiable progression. The most intense band progression at 144 cm' 1
above the origin progression in the spectrum is assigned as 2510. V25 is likewise
split by the trifluoromethyl torsional splitting similar to the origin.

Another

progression can be identified at 75 cm '1, and is assigned tentatively as 372q.
The CF3 torsion can be treated similar to a methyl functional group. Even
under the cold conditions of the supersonic jet, the pattern of bands appears to
march continuously out to the red end of the spectrum and a major problem has
been to find the first member of the progression.

The calculations presented

here appear to solve this problem in that they are able to reproduce to a good
approximation the overall profile of the band spectrum.
The CF3 torsional vibration progression can be fit to a barrier using an
estimated value for F =0.24 cm"1. The length of the band series suggests the S1
torsional conformation differs substantially from that in So. See Table 12 for a
comparison of the experimental and calculated frequencies and intensities.

The

rotational barrier for CF3 in the excited state is V3- 125.8 cm '1. It is observed in
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the spectrum that the CF3 torsional level intensities drop off rapidly with a
peculiar 2 cm 1splitting at the high frequency end of the progression.

Table 12. The frequencies and potential term constants of CF3 torsion for
p-trifluoromethyl-trans-stilbene. (V3'= 125.8 cm"1, V6- -7.0 cm"1, 60°
conformation change).
Transition

Frequency (cm"1)

____________ Experimental

Calculated

Intensity
Experimental

Calculated
7.1 e-4

Ti

Oa

0.0

?

T2

14.5 a

14.39

?

T3

28.5

28.59

0.00413

0.006

T4

41.5

42.45

0.0124

0.0078

T5

55.5

56.06

0.0210

0.0256

T6

68.5

69.16

0.0438

0.0279

T7

80.5

81.79

0.0738

T8

92.5

93.5

0.1381

0.0831

T9

103

104.1

0.1990

0.233

T-io

112.5

113.3

0.2966

0.200

Th

119.5

119.7

0.2108

0.207

T i2

121.5

123.3

0.1104

0.0685

T l3

127.5 -

129.8

0.037

0.0338

.

.

1.3e-3

0.0811

a observed under saturated conditions

Additionally, the members of the progression have become broader with
increasing energy.. It is intuitively reasonable that as the torsional levels reach
the top of the barrier, the degeneracy of the levels breaks down and the torsional
levels begin to conform to that of a free rotor. The model calculations support
this splitting activity near the top of the barrier, although the quantitative fit begins
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60° conformation change for CF 3 upon excitation, similar to conformation
changes seen for the CH3 rotor in methylated stilbenes.

p'-trifluoromethvl-p-methvl-trans-stilbene

The combination of low frequency torsional modes coming from the
trifluoromethyl group and the methyl group create a much more complex
spectrum than any other para’-para-substituted stilbene molecule investigated
thus far.

The fluorescence excitation spectrum for p’-trifluoromethyl-p-methyl-

trans-stilbene is shown in Figure 26. A similar progression of CF3 torsional levels
observed for p-trifluoromethyl-trans-stilbene (see Figure 2 4 j can also be seen in
this spectrum.

It follows from Franck-Condon arguments that this activity can

only occur if the trifluoromethyl group adopts a conformation in the upper Si
state which is different than the lower So ground state.

Thus, it would be

anticipated that the trifluoromethyl group here undergoes a 60° rotational
displacement similar to that found for p-trifluoromethyl-trans-stilbene.

One key

difference between the two molecules, however, is the characteristic O ai-Ie
methyl rotor splitting built off each member of the CF3 progression coming from
the addition of the methyl group.

The methyl rotor splitting has significantly

complicated the excitation spectrum here relative to the unmethylated species
since the number of the prevalent CF3 bands has basically doubled.

3
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Figure 26. The fluorescence excitation spectrum of p'-trifluoromethyl-p-methyl-trans-stilbene.
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Although the interest in p’-trifluoromethyl-p-methyl-trans-stilbene is how
the remote CF3 electron-withdrawing functional group affects the methyl torsional
barrier, the task of identifying torsional structure belonging to the methyl group is
difficult in the heavily congested spectrum. As mentioned in the beginning of this
chapter, methyl torsional levels will not display the Oar Ie splitting, so most
unsplit transitions can be assigned to the methyl rotor. On the other hand, the
methyl torsional levels in this molecule will display CF3 torsional structure. Since
the 2e, Sar

and 4e are the only methyl torsional levels having significant

intensity in the methylated stilbenes investigated thus far, the presence of CF3
progressions between the origin and v25 that do not display the 0ar 1e splitting
would be characteristic of these methyl torsional levels.

Table 13. The calculated and experimental frequencies of CH3 torsion for p1trifluoromethyl-p-methyl-trans-stilbene.
assignment

experimental frequency

calculated frequency

Oa1

0 cm"1

0 cm'1

1e

-3.5

-3.45

2e

52.00

52.16

Sa1

101.0

101.00

4e

118.19

V3

134.6

V6

-24.4

Under close examination, there are two recognizable progressions that
seem to fit the description.

The complex spectrum prevents a confident
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assignment of all members of each progression, hence the experimental
frequencies are found by measuring the frequency difference between a
correlating member of each identifiable progression.

The tentative assignment

of the frequencies of the methyl transitions (see Table 13) translates to an
estimated barrier of 138 cm"1 in the excited state.
W hile our interest is in the effects of remote substituents on the methyl
group, a comparison of the effect a CH3 group has on the CF3 torsional barrier
does speak to the electronic effects between functional groups.

Since our

observations suggest that the CH3 group is sensitive to the presence of remote
functional groups at the far end of the molecule, it would be anticipated that the
CF3 group would also be sensitive to the presence of a remote substituent, the
CH3 group in this case, located ten carbons away.

Furthermore, the CH3 is a

weak electron donor, so the barrier should decrease by a smaller percentage
than that found for the methoxy group; A 33% reduction in the methyl torsional
barrier was observed for p’-methoxy-p-rmethyl-trans-stilbene relative to p-methyltrans-stilbene22.
. It is observed in the spectrum that the CF3 torsional level intensities drop
off rapidly with a peculiar 2 cm"1 splitting at the high frequency end of the
progression similar to that found for p-trifluoromethyl-trans-stilbene. Additionally,
the members of the progression have become broader with increasing energy.
As stated previously, when the torsional levels reach the top of the barrier, the
degeneracy of the levels breaks down and the torsional levels begin to conform

84
to that of a free rotor.. The model calculations (see Table 14) support this
splitting activity near the top of the barrier, although the quantitative fit breaks
down near and above the barrier for p’-trifluoromethyl-p-methyl-trans-stilbene as
well.

The broadening observed at the high end of the progression is due, to

unresolvable splitting of the torsional levels.

Table 14. The experimental and calculated frequencies/intensities of CFstorsion
for p'-trifluoromethyl-p-methyl-trans-stilbene (V3'= 98.1 cm"1, V6 - -8
cm"1-, 60° conformation change, B’ = 0.24 cm"1).
Transition

Frequency

Intensity

T1

p
b
m

experimental
calculated

experimental

calculated

0.0

?

0.001

T2

12.0

12.06

0.00752

0.002

T3

24.0

24.11

0.0258

0.0097

T4

36.0

36.03

0.0345

0.0127

T5

. 48.0

47.67

0.0566

0.0420

T6

58.0

58.92

0.0792

0.0464

T7

68.0

69.56

0.1852

0.137

T8

80.0

79.33

0.2214

0.144

T9

87.0

87.08

0.2573

T 19

94.0

94.53

0.0833.

0.139

T 11

99.0

100.3

0.0491

0.0953

■

0.351

a. estimated

The barrier to internal rotation has been fit for the trifluoromethyl group in
S1 and the rotational barrier for CF3 in the excited state is V3 - 98 cm"1, a 22%
reduction in the CF3 barrier relative to p-trifiuoromethyl-trans-stilbene.

The
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increasing

intensity

in the

higher transitions

correspond

to

a

dramatic

conformation change between the ground and excited States. The model
calculations fit the intensity distribution best with a 60° conformation change for
CF3 upon excitation, similar to conformation change seen for the CF3 rotor in ptrifluoromethyl-trans-stilbene.

p-dimethvlamino-trans-stilbene

The dimethylamino functional group is one of the strongest electron
donating groups known and is widely used as the donating species in “push-pull”
stilbene experiments76. As mentioned in the introduction, previous studies have
found that the strong donating character of remote functional groups, such as the
amino and methoxy functional groups, reduce the barrier of the methyl group ten
atoms away on the stilbene skeletal frame relative to p-methyl-trans-stilbene.
Furthermore, there is a pattern in the reduction of the barrier suggesting that the
stronger the electron-donating

group, the

lower the

barrier.

Since the

dimethylamino functional group is a stronger donor than the. amino group, p’dimethylamino-p-methyi-trans-stilbene should possess a lower barrier than the
55

cm"1 barrier found

for

p’-amino-p-methyl-trans-stilbene.

Thus,

p’-

dimethylamino-p-methyl trans-stilbene is a logical candidate in testing the
applicability of remote electron donating substituent effects on the methyl barrier.
As a first step in this direction, the fluorescence excitation and dispersed
emission spectra of p-dimethylamino-trans-stilbene will be presented. Since the
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dimethylamino functional group consists of three rotors and could possibly be
non-planar, the precise nature of the vibronic structure is unclear and a study of
p-dimethylamino-trans-stilbene

should

allow for a fuller assignment.

The

dimethylamino functional group is widely known to become non-planar in the
excited states of several molecules, including 4-dimethylaminobenzonitrile77..
The ability of the dimethylamino functional group to twist during excitation results
in a “twisted internal charge transfer” (TICT) state, which creates unusual
emission properties like dual fluorescence.

The spectral simplicity of p-

dimethylamino-trans-stilbene should facilitate analysis of the torsional and
inversion modes of the dimethylamino group, hence making analysis of the
methyl torsional progression expected for the p’-dimethylamino-p-methyl-transstilbene possible.
A

recent

publication

reporting

the

fluorescence

excitation

of

p’-

dimethylamino-p-cyano-trans-stilbene (DCS) will be used as a guide for the
proposed

assignments78.

The

low

frequency

transitions

in

DCS

and

p-dimethylamino-trans-stilbene should be comparable for the following reasons.
Previous research found the electron-withdrawing para cyano substituent to have
little contribution to the fluorescence excitation spectrum of 4-dimethylaminobenzonitrile79.

Consequently, the spectrum of 4-dimethylaminobenzonitrile is

virtually identical to N,N-dimethylaniline instead of benzonitrile; the low frequency
modes are clearly associated with the dimethylamino group. It is reasonable to
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Figure 27. The fluorescence excitation spectrum of p-dimethylamino-trans-stilbene.
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Figure 28. Comparison of the fluorescence excitation spectra of p-dimethylamino-trans-stilbene under different
expansion conditions.

expect

the

low

frequency

transitions

of

DCS

to

resemble

that

of

p-

dimethylamino-trans-stilbene.
The fluorescence excitation of p-dimethylamino-trans-stilbene is shown in
Figure 27. The origin is assigned at 28,591 cm"1 and is a singlet which indicates
that the methyl rotors of the functional group have similar barriers in both
electronic states and do not change conformation upon excitation! Furthermore,
the absence

of

higher

frequency torsional structure, indicates that there

is no change in conformation. The strong transition at 162 cm"1 to the blue of
the origin can be identified as the v25 vibration owing to similarities in previous
stilbene molecules. The v25 vibration in DCS was assigned at 131 cm"1, which is
even lower than for p-dimethylamino-trans-stilbene. While, the authors attribute
the low frequency to a mass effect, experiments on p-methoxy-trans-stilbene and
p-hydroxy-trans-stilbene reported here provide evidence that v 25 is affected more
by electron density in the conjugated system.
There are several bands in the p-dimethylamino-trans-stilbene spectrum
below 100 cm"1 that may be the torsional and inversion modes of the
dimethylamino functional group.

Figure 28 shows a close up view of the low

frequency modes in p-dimethylamino-trans-stilbene under different expansion
conditions. A t a backing pressure of 7 bar, the discrete helium peaks seen for
the origin and the 62.1 cm"1transition are missing for the 83.7 cm' 1transition.

In

both the trans-stilbene van der Waals helium complex and the p-methyl-transstilbene van der W aals helium complex, the strong coupling of the out-of-plane

90
phenyl torsion 3720 with the van der W aals.modes leads to a broadening of the
transitions to several times their breadth in in-plane vibrations80'81. The helium
atom is generally accepted to be above the stilbene frame moving in a
pseudotranslational motion, thus phenyl bending or torsional motion will involve
motion directly against the van der Waals-bound species.

The dramatic

broadening is only observed for the 83.7 cm"1 supports the assignment as the
out-of-plane-torsion (3720).
Under different expansion conditions shown in Figure 28, hot bands
appear at 25.2, 69, and 131.5 cm"1 above the origin. An assignment of the 25.2
cm 1 hot band as a dimethylamino functional group torsion (T1i ) seems unlikely
since dispersed emission spectra indicates that the dimethylamino group torsion
has a similar frequency in both states. 371i has been observed in this frequency
range under warm expansion conditions at 32.7 cm '1, 35.9 cm"1, and 37.8 cm"1 in
p’-amino-p-methyl-trans-stilbene,. p-methyl-trans-stilbene, and p-methoxy-transstilbene, respectively23,15,22; The fact that V37 in p’-amino-p-methyl-trans-stilbene
increases in frequency for So and decreases in frequency for Si relative to the
parent trans-stilbene molecule also supports the assignment here since both the
amino and dimethylamino functional groups have similar character23. Moreover,
the. increased electron donating ability of the dimethylamino functional group
could mean a higher ST0i frequency relative to p’-amino-p-methyl-trans-stilbene.
If ST0i is assumed to be approximately 14 cm'1 in the ground state based on
similar frequency in all other stilbenes, then an assignment of the 25.2 cm"1 hot
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7 bar He

Figure 29. Close-up fluorescence excitation spectrum of p-dimethylamino-transstilbene under cold expansion conditions. Note that only the ST20-He
transitions are broadened.
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band as 37 1 indicates a lower frequency for 372q relative to other stilbenes in the
excited state. The transition observed at 83.7 cm"1 is near the correct frequency
and is thus assigned as 3720 and 3 7 \ is assigned at 25.2 cm '1.
By contrast to the broadened van der Waals transitions on 3720, the
helium peaks near the 62.1 cm"1 peak are narrow and virtually indistinguishable
from the peaks near the origin. This behavior would be expected for either in
plane vibrations or localized motion of the dimethylamino functional group.
Furthermore, It is generally accepted that the dimethylamino torsion mode is
largely unaffected by the remainder of the intramolecular environment and
appears at a frequency near 65 cm' 1 in the excited state in molecules containing
a dimethylamino group79,82'84. Therefore, the 62.1 cm"1 peak is assigned to the
dimethylamino group torsion about the CaryI-N bond.

Two quanta of the

dimethylamino torsion is assigned to the transition 124.2 cm"1 above the origin.
The transition at 99 cm"1 still remains unassigned.

Table 15. The major vibrational frequencies for the ground and excited state of
p-dimethylamino-trans-stilbene.
Assignment

S0

N(CH3)2 torsion, v=2

63 cm"1

N(CH3)2 torsion, v=4

123

v=2
?

62.1 cm".1
124.2

98

1

180

162

v=2

358

328.5

V 23, V =
V 25,

.

83.7

V 37,

‘

Si

93

61.51
100

137

Figure 30. Dispersed emission from the low frequency transitions in pdimethylamino-trans-stilbene.
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The dispersed emission for p-dimethylamino-transrStHbene are shown in Figure
20-

Each spectrum is an average of ten 5 minute exposures taken with slit

widths varying between 200-300p. except for a slit width of 500^ for emission
from the 83.7 cm"1 transition. The assignment of the.ground state energy levels
has' proven

to

be

difficult

in

p-dimethylamino-trans-stilbene because

the

dispersed emission does not show the fam iliar characteristics seen in the
emission spectra of other stilbenes. The dispersed emission spectra show a
clear combination of discrete vibronic transitions superimposed on a rising
congested background.
The dispersed emission spectrum produced by exciting the 0°o transition
does not bear a symmetric relationship with the excitation spectrum; there is a
strong additional feature at 100 cm"1 above the origin, the assignment of which is
not immediately obvious. Dispersed emission from both the origin and 251 show
this intense peak at 100 cm"1.

In contrast, this same peak is weak in the

emission from the 61.5 cm"1 peak, yet is present in combination. The transitions
at 82 cm 1 and at 96 cm"1 have unresolvable dispersed emission. This could be
due to IVR or spectral congestion caused by the very low frequency vibrations in
the ground state.
The clear absence of a strong v25 presence in any of the emission spectra
' can not be clearly explained.

A reason for this may be due to a nonpianar

geometry coming from a twisted dimethylamino functional group. The different
geometry could change the symmetry and selection rules of certain transitions.
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The rotational constants found for DCS' suggest that both the S0 and S1 states
are non-planar, hence p-dimethylamino-trans-stilbene might be nonplanar as
well78.
More compelling evidence can be found in the excitation spectrum taken
under super cold conditions (bottom trace in Figure 28). The transitions are still
very broad even at a high carrier gas backing pressure; the f.w.h.m. is typically 1
.

cm

-

at 7 bar of helium, but for this molecule the f.w.h.m. is 2.7 cm '1.

Since the

sharpness of vibronic structure decreases with non-planarity, the broadness in
the p-dimethylamino-trans-stilbene spectrum supports a non-planar geometry85.
A nonplanar geometry could have major implications on the donating ability of
dimethylamino functional group to the methyl rotor on the opposite para position
in the p’-dimethylamino-p-methyl-trans-stilbene.

p’-dimethylamino-p-methyl-trans-stilbene

Previous results in this group have shown how the electron donating
capabilities of a substituent can dramatically reduce the barrier to internal
rotation of the methyl group. The barrier to methyl internal rotation in p’-amino-pmethyl-trans-stilbene was found to be 55 cm '1, the lowest, barrier observed so
far.

The electron donating capabilities of the dimethylamino functional group
v

exceeds the amino group and should affect the barrier, to internal rotation of the
ring methyl group separated by the extended conjugated n system accordingly.

-25

O 25 50

Figure 31. The fluorescence excitation spectrum of p'-dimethylamino-p-methyl-trans-stilbene.
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Figure 32. The dispersed emission from the low frequency vibrations of p'dimethylamino-p-methyl-trans-stilbene.
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Table 16. The major vibrational frequencies for the ground and excited state of
p’-dimethylamino-p-methyl-trans-stilbene.
Assignment

S

S1

q

0 cm"1

O ai

0 cm'1

1e

-2.3

2e

22.0

35.5

3a-]

51.0

66.1

T, v=2

-

27

54.8

v=2
?

101

V25, V = 1

.178

152.9

360

307.8

V 37,

V25, V = 2

74.4
‘

The jet-cooled fluorescence excitation spectrum of p’-dimethylamino-pmethyl-trans-stilbene is presented in Figure 31.

The spectrum shown had a

backing pressure of 3 bar He and was ran at 0.3cm'1/s. W eak helium complexes
can be observed at this pressure.

Readily apparent is the methyl torsional

splitting of the origin and other normal modes similar to other methylated
stilbenes. The absolute frequency of the drigin has decreased to 28,533.7 cm"1
upon methyl substitution.

Since the energies of the %-u* electronic transitions

decrease with growing charge transfer character, the stronger electron-donating
capability of the dimethylamino functional group should lower the absolute
frequency of p’-dimethylamino-p-methyl-trans-stilbene below that of p’-amino-pmethyl-trans-stilbene85.

The 1000 cm'1 absolute frequency difference for the.

dimethylamino group does imply significant charge transfer.

Such charge

transfer is further supported by the absolute frequency of DCS, discussed in the
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Figure 33. Dispersed emission from the methyl torsional levels in
p'-dimethylamino-p-methyl-trans-stilbene.

100
last section.

The replacement of a methyl group with the cyano electron-

withdrawing group has lowered the absolute frequency to 27,038 cm"178.
The presence of hot bands were confirmed with pressure studies at 22.1,
62.6, and 74.9 cm:1 above the origin and are also split by the methyl rotor. W hile
the spectrum is heavily congested with low frequency transitions from both para
functional groups, 251 can be identified at 153.4 cm"1. The splitting between the
Ie-Oai transitions is 2.3 cm '1, the 2e is assigned a t .35.5 cm"1, and the Sa1 is
assigned at 65.1 cm'1 above the origin.
The peaks near 54.9 cm"1 displaying the Oa1- Ie splitting is comparable to
the intense peak at 62.1 cm' 1 in p-dimethylamino-trans-stilbene and is assigned
as the dimethylamino torsion.

The lower frequency for the torsion stems from

the interaction the methyl group has with the electron density of the k system. A
comparison of the hot band at 22.7 cm' 1 to the 25.2 cm"1 hot band seen in
p-dimethylamino-trans-stilbene indicates 3720 is the small peak at 74.4 cm '1. The
weakness of .V37 is not surprising and has been hard to identify for other
methylated species.

Besides the expected combination of the mentioned

transitions with v25, the other transitions in the spectrum

are weak and

unidentifiable.
Due to the appearance of. low frequency modes of the dimethylamino
functional group, the assignments of the methyl torsional levels were confirmed
by dispersed emission.
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The dispersed emission spectra shown in Figures 32 and 33 were
obtained with the CCD acquisition system with an average entrance slit width of
250pm and exposure time of six minutes. The presence of a strong transition in
combination with methyl torsional levels in the dispersed emission, shown in
Figure 33, is similar to the transition seen in p-dimethylamino-trans-stilbene at
the same frequency of 100 cm"1. The presence of the e-only transition at 30.1
cm 1 is consistent with other methylated stilbenes and the intensity of the peak
and the separation from the 2e transition is important in the understanding of a
possible Fermi resonance.

The 4e and higher torsional levels are not readily

identified due to low intensity and spectral congestion.

The barrier to internal

rotation has been fit for the S0 and S1 with V 3” = 28.62 cm"1 and V3' = 68.08
cm"1.

Table 17. The experimental and calculated torsional frequencies for p'dimethylamino-p-methyl-trans-stilbene in S1 ( V 3- 68.08 cm "1,
V 6= 4.36 cm "1 ).
Assignment
Oa1
1e
2e
Sa1
4e

experimental frequency
0 cm"1
-2.3
35.5
65.1

calculated frequency
0 cm"1
-2.17
35.62
65.09
94.66
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p’-p-dimethvl-trans-stilbene

W e now extend these studies to p-p'-dimethyl-trans-stilbene.

This work

seeks to investigate the interaction between the two methyl rotors separated by
an extended conjugated system.

Since this molecule contains two methyl

‘groups, simultaneous rotations can and do occur.

The molecule's rotating

groups may show coupled motion illustrating the significant electronic interaction
of the two rotors.

Additionally, the methyl group has been shown to display

coupling with the torsional motions of the phenyl rings.

Recent theoretical and

experimental work has suggested that the phenyl torsions are involved in the
multidimensional

potential energy surface

isomerization of stilbene.
Chapter Five.

used to describe the cis-trans

Photoisomerization will be discussed in detail in
• ,

It is well known for a single methyl group attached to an asymmetric
frame that the torsional potential well is made up of non. degenerate A states and
degenerate E states following the proper symmetry labeling of Ge-

In p’-,p-

dimethyl-trans-stilbene, there are two methyl groups attached to the stilbene
frame, so the molecular symmetry group required is the form of a direct product
of the two simple molecular symmetry groups, specifically GeOG6. Hence, there
are nine torsional states associated with the lowest level for the methyl rotor. To
determine the electronic spectrum emerging from these energy states, the
wavefunctions must be classified according to the symmetry species of the G36
molecular symmetry group. The nuclear spin statistical weights and symmetries
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of the torsional levels in p’-p-dimethyl-trahs-stilbene are identical to other G36
molecules, such as acetone and biacetyl, and are given in Table 1832,34. The
nuclear spin weights average to. a 1:2:1 ratio for the A 1, G, and Ei levels,
respectively.
The Oa1Oai, Oa1Ie , and 1e1e have A 1, G, and E1+E3 torsional symmetry in
G36, respectively.

The correlation between G36 and. C2h is as follows: A 1-^ a g,.

A2—>bg, A 3—>au, and A4-^ b u86.

The complete internal wave function for a

molecule of G36 symmetry can on ly'be of either A4 or A 2 species.

Thus, the

different nuclear spin symmetries associated with each torsional species
prevents the three different types of molecules from interconverting.

Table 18. The symmetry species and statistical weights for the internal rotation
quantum numbers of the two rotors in G36 symmetry.
m-i

ITl2

0

0

0

+1

0

-1

+1

0

-1

0

+1

-1

-1

+1

+1

+1

-1

-1

Torsional
Statistical
Symmetry_______weight
A1

8

G

16

E1 .

4

E3

4
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Pierce first investigated the torsional barrier's effect upon the vibrational
spectra of molecules with two equivalent tops where the top axes lie in the
symmetry plane of the molecular frame87. The two-top model is heavily based
on the internal isometric group introduced by Gunthard et al. which proves the
potential energies are symmetric with respect to the operations of the full
isometric group88.

The potential function for internal rotation of the methyl

groups in p’-p-dimethyl-trans-stilbene would be expected to contain at least six
different kinds of terms CosSf1, CosSf2, CosGf1, CosGf2l cosS(f1+f2)l and sinS(fi+f2)
where f represents the torsional angle and may be written in the form
V(fi, f2)= /^[Vso (I-CosSf1)+ Vos(I-CosSf2)
+ V 6O(I-CosGf1)+V o e(I-C o sG f2)

+ V33(cos3f1CosSf2-1)+ V33' (SinSf1SinSf2- I ) .

The first four terms represent barriers of independent methyl groups, and the last
two are coupling terms describing the torsional-torsional interaction,

and

cogwheel (gearing/antigearing) effect between the two groups, respectively89.
Symmetry restrictions for a potential function involving equivalent tops require
Vn0 and V 0n to be equal in magnitude90. In analogy to biacetyl, the coupling terms
V33 and V 33' are expected to be small due to the rigidity of the stilbene frame and
the distance between the two methyl groups91.
The fluorescence excitation of p’-p-dimethyl-trans-stilbene is shown in
Figure 34. Upon initial examination of the spectrum, it appears highly congested
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with many low frequency transitions within the first 400 cm"1. In contrast to the
other compounds presented thus far, p’-p-dimethyl-trans-stilbene displays an
intense triplet feature at the origin with components at 31,391 cm"1, 31,395 cm"1,
and 31,399 cm 1. A number of additional features, several of which appear to be
doublets are seen above the origin.
The simplest method for the symmetry labeling of energy levels for a two
rotor system is to consider the internal rotor states of each rotor separately. For
a double rotor with different barriers in the ground and excited state, the origin
will appear as a triplet representing three different types of molecules (OatOa-i,
Oa-i 1e, and 1e1ej. The 0a-|1e form of symmetry is adopted here because of the
clarity it reveals in each individual methyl rotor level and the particular transition
taking place.

The OaiOa-,, 0a-, 1e, and 1e1e molecules have A-,, G, and E-,+E3

symmetry in G36.

Transitions between levels of A, G, and E symmetries are

forbidden, as are transitions between A(E)n++A(E)m] m*n.

The energy splitting

between the A 1 and G states equal the energy splitting between the G and the
two E states as would be expected from the simple addition of the energy levels
of two independent rotors.
The starting point for the assignment of transitions in the fluorescence
excitation spectrum of p’-p-dimethyl-trans-stilbene is the recognition that the
spectrum will appear very similar to p-methyl-trans-stilben'e, except for the
additional torsional levels from the second methyl group.

P’-p-dimethyl trans-

stilbene has higher symmetry than p-methyl-trans-stilbene due to the two methyl
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groups in the para position. The overall symmetry of the molecule increases to
C2h point group symmetry, similar to trans-stilbene itself. The low frequency
modes of p-methyl-stilbene, however, are expected to be very similar to those of
trans-stilbene and the selection rules regarding allowed transitions will hardly be
effected.

Thus, the forbidden bands for p’-p-dimethyl-trans-stilbene should still

show little if any intensity for p-methyl-stilbene. Figure 35 shows the comparison
between the fluorescence excitation spectra of p-methyl-trans-stilbene and p’-pdimethyl-trans-stilbene.
The most prominent vibronic band built off the origin in trans-stilbenes,
v25i is not easily recognized in this molecule.

The expected region for

y25 is

congested with many transitions indicating more than one normal mode present.
Identifying and assigning

v25 is

tricky since dispersed emission from transitions in

this region is broad and unresolved. A tentative assignment for 251o comes from
a comparison with v2s in p-methyl-trans-stilbene in which it has the strongest
intensity. The slightly stronger transition at 177 cm"1 is thus assigned as 2510. A
second peak next to

v25 in

p-methyl-trans-stilbene was assigned as

v72

based

primarily upon the dispersed emission and it’s absence in the higher symmetrical
trans-stilbene. Vibrations of bu symmetry in C2h will be allowed for molecules of
Cs point group symmetry15.

The appearance of the second peak near

v25

in

(C2h) p’-p-dimethyl-trans-stilbene suggests the peak is a totally symmetric
vibration of Ag (A’ in Cs) symmetry and tentatively assigned as
are assigned at 65 cm'1 and 90 cm"1, respectively.

v24.

SS20 and 37%

The strength of the

V 37

O a 1I e

Oal Oa1
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Iele

Figure 34.

The fluorescence excitation spectrum of p'-p-dimethyl-trans-stilbene.
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Figure 35. Comparison of the fluorescence excitation spectra of p-methyl-trans-stilbene and p'-p-dimethyl-trans-stilbene.
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transition is surprising since we usually have troubles finding

V 37

in most para-

para- substituted species. These peaks carry the methyl triple splitting expected
of normal modes and are summarized in Table 20. The 2e is assigned as 57
cm"1 and appears as a doublet characteristic of the double rotor.

The “x”

transition at 40 cm '1 also appears as a doublet lending support to its’ assignment
as an e-only combination.

The Sa1 is assigned at 101 cm"1 and the 4e is

assigned as 119 cm"1.

Table 19. Torsion frequencies belonging to main vibronic bands in the
fluorescence excitation spectrum of p'-p-dimethyl-trans-stilbene.

Transition
relative
frequency
03-|0ai - Oa1Oa11

O00 (cm"1)

3720 (cm"1)

2410 (cm"1)

2510 (cm"1)

0

89

171

177

0

0

0

0

. Oa1Ie11-Oa1Ie1

• -4

-5

-4

-4

I e le 11- Ie le 1
1e1e”- 1e2e’
Oa1Ie -Oa1Ze

-8

-8

-8

52

-9
?

52

52

57

60

56

56

r

Oa1Ie11- Sa1Ie 1
Oa1Oa1- Oa1Sa1

95

94

96

97

101

101

100

101

Oa1Ie^Oa1Ae'

119

The assignments of the torsional levels can be supported by dispersed
fluorescence.

The torsional data for p'-p-dimethyl-trans-stilbene provides an

excellent example of the way in which complementary data for the dispersed
emission must be utilized in the assignment of transitions.

The assignment of

251o is tricky since dispersed emission from this region is highly congested.
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Figure 36. Dispersed fluorescence from the Oa1Oai, Oa1Sa1, and 1e1e torsional
levels of p'-p-dimethyl-trans-stilbene.
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Figure 37. The dispersed emission from G symmetry levels of p'-p-dimethyltrans-stilbene.

112

The methyl torsional frequencies associated with several fundamental
modes in p’-p-dimethyl-trans-stilbene are given in Table 21.

The coupling with

modes other than V37 has no great effect on the methyl torsional frequencies.
The frequency separation between the methyl torsional modes for

V37,

however,

indicates that the methyl torsional levels easily deform by the coupling with

V37.

Such a large anharmonic coupling plays an important role in IVR of transstilbene, which will be discussed in Chapter Five. On the other hand, the ground
state frequency of 180 cm'1 for 25°i can be ascertained from the dispersed
emission of other levels.

Table 20. The major vibrational frequencies for the S0 and Si states of p’-pdimethyl-trans-stilbene.
Transition
V 36,

v=2

.

So

Si

72

65

V 36 + V 37

77

v=2

89

. V 37,

171

V 24

• V25 , V = 1

180

V25 , V=2

366

177

Surprisingly, the intense peak after the. assigned 2e gives a similar
observed emission as A t symmetry. Further inspection reveals that this peak is
part of the

V 36

transition and is the OaiOa1 peak. In fact, the 361371 combination

band can be found in between these two prominent peaks.
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Figure 38. Dispersed emission spectra of transitions involving modes
in p'-p-dimethyl-trans-stilbene.
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and
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Table 21. Torsional frequencies for methyl rotation in p'-p-dimethyl-transstilbene.
Ground State
Transition
Oa1

Excited State

Exp._______ Calculated ______Exp.______ Calculated
0 cm '1

0 cm '1

1e
2e

■

20

3a2
Sa1

22.68

0 cm '1'

0 cm '1

-4

-3.4

60

60.29

49.15
54

73.77

54.68

101

100.5

4e

89.45

119

120.5

V3

32.67.

132.12

V6

-6.09

6.53

The two peaks surrounding 115 cm"1 could be possible candidates for
internal rotor levels, such as the 1e4e and 0a-|4e levels, since the 4e peak has
strong intensity in p-methyl-trans-stilbene.

The higher frequency transition at

119 cm 1 is assigned as the 0ai4e peak since it is broad and the dispersed
emission identifies it as a G level. The peak at 112 cm"1 would be expected to
be the 1e4e transition since the internal rotor levels have appeared as doublets
thus far, however the dispersed emission displays A i character. The transition is
clearly not a triplet and therefore is not likely to be a normal mode of the
molecule. The transition is tentatively assigned as the combination band 371o3a3
for the following reasons. Both have As symmetry in the Gse molecular symmetry
group making the combination band totally symmetric and allowed.

Also, the

transition is approximately the correct frequency calculated to be 113 cm"1.

115
Finally, a comparable transition was observed in p-methyl-trans-stilbene and
assigned as a combination band between 371o and 3a2 based on similar
evidence.

Since the methyl groups almost lie directly on the principle axis in trans' stilbene and this might encourage interaction between the two rotors, we start
the methyl rotor analysis by ignoring the coupling between the two methyl
groups. The energy levels for the methyl rotors in the ground state of p-methylp'-methyl trans-stilbene are listed in Table 20. The ground state frequencies
fit a calculated barrier of V3” = 32.6 cm' 1 indicating the continuing trend of low
barriers in the ground state of stilbenes. Table 20 also lists the energy levels for
internal rotation in the Si excited state. The excited state frequencies fit a
calculated

barrier of

V3’ = 132.12 cm"1. The barrier to rotation is reduced

relative to p-methyl-trans-stilbene, an indication of substituent effects.

The

approximation of two completely uncoupled, independent rotors for p’-p-dimethyltrans-stilbene appears to be good since the calculated frequencies match the
observed spectrum well.

However, the methyl rotors may show small coupling

behavior as they climb up the potential well. This coupling may show itself in the
splitting of higher torsional levels and will be discussed in Chapter Five.
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CHAPTER FIVE

DISCUSSION

This chapter will focus on several issues regarding the hindered internal
rotation of the methyl group, including the ability to change the methyl torsional
barrier by changing the substituent’s conformation, hydrogen bonding the
substituent, or by changing the substituent. Understanding the sensitivity of the
methyl group in regards to substituent conformation will be discussed in light of
the rotational coherence spectroscopy data; the spectra confirm the presence of
the

cis

and

trans

conformers

in

p-methoxy-trans-stilbenes

and

provide

information to differentiate their geometry. The changes in the methyl torsional
barrier will also be discussed in terms of possible water complexes of the phydroxy-trans-stilbenes.

The changes in the methyl torsional barrier relative to

each functional group can be used to discuss the electronic effects of various
remote substituents on the n electron density of the trans-stilbene system; a
possible remote coupling between the two methyl groups in p’-p-dimethyl transstilbene illustrate the significant electronic interaction of two functional groups
over an extended system. The chapter also includes an analysis of the methyl
rotor in a vibrational state mixing, and observations of intramolecular vibrational
redistribution.
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The low frequency mode assignments discussed in this dissertation follow
the proposed assignments of Spangler, Zee, and Zwier, which are generally
agreed upon by others29,57,62,92. The trans-stilbene assignments are reviewed by
W aldeck51. Recently, Laane published the excitation spectrum of trans-stilbene
and methoxy trans-stilbene which we have investigated as well58.
reinvestigation

includes

new

assignments

for

the

transitions

Laane’s
including

reassigning the generally accepted v 2 5 progression to a V35 c=c torsion.

The

reassignments differ considerably from those of previous workers. In p-methoxytrans-stilbene, Laane has only identified one electronic origin, assigning all the
other transitions

including

the

B

conformer

as

vibrational

modes

and

combinations built off the A origin93. Laane assigns the second conformer to V24
(Ce-phenyl bend).

This reassignment is also controversial considering our

assignment of two electronic origins pertaining to the two conformers, and the
general expectation of two conformers arising from the attachment of a methoxy
(or hydroxy) group to an. asymmetrical frame22,94'97,115. Although
reassignments are based on additional vaporphase Raman data,

Laane’s

we feel the

previous assignments are accurate and choose to assign the spectra in this
dissertation accordingly. The next section further addresses the presence of two
conformers in the methoxy and hydroxy stilbenes.
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The Methoxv Conformation in Para-Methoxv-Trans-Stilbenes

The conformation of phenyl methyl ethers has been under extensive,
investigation for many years.

P-methoxy-trans-stilbene has two geometric

isomers that differ in the orientation of the two O-CH3 bonds with respect to the
stilbene frame.

Both p-hydroxy-trans-stilbene and p’-hydroxy-p-methyl-trans-

stilbene also have two observed electronic origins identical to that of the paramethoxy transrstilbenes recently reported in literature by Siewert and Spangler22.
The existence of the two origins is attributed to the planar syn and anti
conformers of the functional group against the rigid stilbene frame. The energy
difference of 278 cm' 1 between the two conformers is credited to the excited
state stabilization from greater tc electron density delocalization.

Specifically, the.

/

stabilization is expected to come from the greater delocalization of the methoxy
or hydroxy lone pair over the stilbene n system.

Furthermore, Kruse and

Coworkers have found that methyl ethers in aromatic systems prefer a planar scis orientation to the ortho position of highest electron density98. Therefore, the
lower energy conformer will probably have the lone pair cis to the electron poor
side of the ring.
This delocalization effect should be-greater for the conformation that acts
as the stronger electron donor: Therefore, the red-shifted origin (A conformer) is
the methoxy/hydroxy conformer that acts as a better electron donor in their
respective molecules. As mentioned in the experimental results,

V37

is sensitive
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to the C6-Phenyl bond order and can be used to qualitatively measure the
delocalization in the conjugated system. The higher V37 frequency for the redshifted conformer supports this rationale.
Additional evidence that supports the red-shifted conformers as better
donors is the lower methyl torsional barriers found for them in the methylated
species. Our research group has proven that strong electron donors lower the
torsional barrier relative to p-methyl-trans-stilbene.

The fitted barrier for the

torsional progression built off the A origin, identical for both the methoxy and
hydroxy, is 10% lower than the B conformer.

In trans-stilbene, we suspect the

cis side o f the ring, with respect to the C=C, is slightly higher in electron
density . Thus, the red-shifted transition has been tentatively assigned to the
origin of the.syn isomer and the blue-shifted transition as the origin of the trans
isomer2 . This would place the methoxy cis to the electron rich side, which has
been defined above as cis to the ethylenic double bond. However, this tentative
assignment has not been confirmed.
W e have stressed the fact that methyl torsional barriers in the Si state of
para substituted trans-stilbenes are sensitive to secondary interactions between
the methyl hydrogens and the % electron density in the meta positions.

Given

this, the ability to assign the origins to their respective conformers will give
valuable insight into the exact nature of asymmetrical distribution of the n
electron density in the meta positions of trans-stilbene.
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The rotational constants of large molecules, such as trans-stilbene,
demand an apparatus resolution approaching 10MHz1 which exceeds the
capabilities of our lab.
inertia.

The rotational constant is a function of the moment of

Rotational coherence spectroscopy allows the use of time-domain

equipment to measure the moments of inertia of molecules.

Rotational

coherence measurements were recently applied to the para methoxy transstilbenes to determine the rotational constants and the molecular geometry of
each conform er".

Table 22. Rotational coherence data for Si para methoxy-stilbenes.
Species

recurrence time
(ns)
experimental

Rotational constants (B+C)
(MHz)
AMPAC calculation

experimental

p-methoxyA conformer

2.990 + 0.003

331.3

334.4 ± 0.3

B conformer

3.032 ± 0 .0 0 3 '

328.0

329.8 ± 0.3

diff.= 0 .0 4 2 + 0 .0 0 6
p’-methoxy-pmethylA conformer

3.668 ± 0.002

270.8

B conformer

3.712 ± 0 .0 0 3

268:2

•

272.6 ± 0.3
269.4 ± 0.3

diff.= 0.044 ± 0 .0 0 5

The polarized fluorescence time profiles for p-methoxy-trans-stilbene are
shown in Figure 38. The time profiles were extended to 10 ns for both molecules
and the relative precision is 5 ps. The J recurrence time (included in Table 22)
can be extracted from the time profiles, and equals the inverse of the sum of the

121

F lu o r e s c e n c e I n t e n s i t y

4 —M e t h o x y s t i l b e n e

Time (ns)

Figure 39. Polarized fluorescence time profiles for p-methoxy-trans-stilbene,
showing displaced traces for two conformers.
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rotational constants B and C.

The discrepancy between the experimental and

calculated rotational constants could be due to the A IVIPAC calculations, but
does not affect the ordering of the results for the two conformers.
The existence of two conformers having significantly different S1 energies
in

the

para-methoxy-trans-stilbenes

is

supported

by

these

independent

experimental methods and is consistent with the previous knowledge of the
trans-stilbene system. Using rotational coherence spectroscopy, the red-shifted
origin in p-methoxy-trans-stilbene is found to be the syn conformer.

In all

probability, this conformer preference also exists in the para hydroxy-transstilbenes since the electronic properties of. both functional groups are very
similar.

The lone pair electrons on the oxygen, which is in the plane of the

aromatic ring, are cis to the more electron.deficient meta position. This, in turn,
suggests the anti meta position is relatively electron deficient and the syn meta
position is relatively electron rich. It would seem plausible that the asymmetry in
the Ti electron density must arise from the placement of the ^-electron rich
double bond and the remote aromatic ring off the para axis of the substituted
ring. This explanation for the asymmetry is supported by the position of these
groups on. the side found to be electron rich. In summary, the asymmetry of the
Tt-electron density in trans-stilbene is a natural consequence stemming from the
geometry of the stilbene frame.
This must also be true in regards to the position of the remote substituent
ring and double bond in relation to the methyl bearing ring in the methylated
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trans-stilbenes.

Specifically, the reason behind a preferred conformation and

consequential torsional barrier for the methyl group is the placement of the pielectron rich double bond and the remote substituent ring off the para axis of the
methyl bearing ring. Given this, the varying methyl torsional barrier results found
for the methylated species in this thesis point to how sensitive the methyl rotor is
to the ability for the remote substituent to counterbalance the built-in m-electron
density asymmetry through its electron donating or withdrawing properties. An
elegant example of this sensitivity will be presented in the next section.

Remote Hydrogen Bonding Effects on the Methyl Rotor

Both the methoxy and hydroxy functional groups can accept a proton, but
only a hydroxy group can donate a proton.. It would be expected that p-hydroxytrans-stilbene+H20 and p-methoxy-trans-stilbene+HaO would behave similarly if
the functional groups behave as proton acceptors.

Therefore, the dramatically

different behavior suggests the hydroxy group in p-hydroxy-trans-stilbene
donates a proton to the water molecule. The water complexation seen initially in
the hydroxy-methyl spectrum was due to environmental contamination from air
and serves to demonstrate the efficient hydrogen bonding. This behavior, which
was not seen in working with the methoxy-stilbenes, points to the hydroxy group
as a proton donor. This is not surprising considering the previous publications
concerning water complexes of other molecules containing hydroxy groups100"102'
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The most notable change in the complex spectrum of p-hydroxy-transstilbene compared to the bare molecule is the drastic reduction In the frequency
difference between the two conformer origins.
stilbene

and

p-methoxy-trans-stilbene

Since the bare p-hydroxy-trans-

spectra

are

nearly

identical,

it

is

reasonable to suggest the position of the oxygen lone pair of electrons is the
dominating influence for the different conformer energies.

In a limiting case of

complete removal of the proton, the electron density on the oxygen would
increase and become symmetric, about the para axis. The complete removal of
the proton would change the molecular symmetry, such that only one distinct
''conformer would exist. As the proton is brought back, two distinct origins would
begin to emerge from the degenerate peak. Since it is the lone pair that primarily
determines the conformational energy difference, a more symmetric distribution
reduces the energy difference and brings the origins closer in frequency.

The

spectrum shows that the two origins moved from 278 cm"1 to 24.5 cm"1 of each
other, which is consistent with this model.
Proton donation by the hydroxy group will not only make the electron
density around the oxygen more symmetric, but will also increase the overall
density as well. Thus, OH+H2O should be a better electron donating group than
OH. Previous work has found that strong electron donors in the papa position on
the distant ring into the n system reduce the Si methyl barrier relative to pmethyl-trans-stilbene.

If the above model is correct, the complex formation

should reduce the methyl barrier if the hydroxy group acts as a proton donor.
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The lower methyl rotor barriers found for the water complexes, as compared to
the uncomplexed p -hydroxy-p-methyl-trans-stilbene, are consistent with this
model.
Next, the structural possibilities for the second (red-shifted) complex will
be considered. The red shifted complexes could either be a two water complex
or one water attaching to a different site.

As stated in Chapter Four, these

transitions only became dominant at higher water concentrations, and only when
the one water complex showed signs of depletion.

For this reason, these red-

shifted peaks are assigned to the two water complex.

Saykally and coworkers

using high resolution IR spectroscopy in a jet have suggested that the water
trimer is likely a six-membered ring with each water, acting as both a proton
donor and acceptor103.

Since the hydroxy group can function in the same

manner, we speculate that a similar structure is formed in p-hydroxy-transStiIbene=I=(H2O)2.
If this is the correct structure, it is interesting to consider what would be
expected for the conformer energy differences and methyl barrier changes in p'hydroxy-p-methyl-trans-stilbene.

If the red shifted peaks are the result of a two

water complex, with the hydroxy group donating a proton to one water and
accepting a proton from the second water, the hydroxy group will have a partial
bond to a hydrogen on both sides to the para axis.

This creates a more

symmetric electron density on the oxygen which reduces the conformer energy
differences. The conformer energies are observed in the spectrum to be within '
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44.4 cm 1 to each other.

The methyl barrier for p’-hydroxy-p-methyl-trans-

StiIbene=I=(H2O)2 should be similar to the bare p’-hydroxy-p-methyl-trans-stilbene
since the effects of an electron density increase at the oxygen caused by
donating a proton, and a density decrease caused by accepting a proton should
approximately cancel. The observed methyl barriers for both conformers of the
p’-hydroxy-p-methyl-trans-stilbene*(H20 )2 are 96 cm' 1 and 98 cm"1, which are
nearly

the

average

values

of

the

two

p’-hydroxy-p-methyl-trans-stilbene

conformer barriers at 92 cm' 1and 104 cm"1.
By reference to the positions of the 0,0 bands, we notice interesting
spectral shifts of the one water complexes relative to the 0,0 bands of the two
bare conformers.

Specifically, the A conformer shifts to a higheir frequency by

258 cm"1, whereas the B conformer increases by only 16.5 cm"1.

Although

I

different spectral shifts for the cis and trans conformers are common, the
direction of the spectral shift is not104. There is a generally held belief that the
addition of the first water as a proton acceptor has a net red-shift affect. There is
disagreement, however, as to whether the hydrogen bonding stabilizes the
LUMO or destabilizes both the HOMO and LUMO to achieve the net red
shift100,102. W hile the spectral shifts seen in the p-hydroxy-trans-stilbene and the
p’-hydroxy-p-methyl-trans-stilbene spectra run counter to previously observed
proton donor/acceptor shifts, the assignments are justified based on the
following evidence. The hydroxy functional group attached to an aromatic ring is
a better acid than water and should be the proton donor105"107. P-hydroxy-trans-
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stilbene and p-methoxy-trans-stilbene show completely different water complex
behavior.

It would be expected that p-hydroxy-trans-stilbene+H20 and p-

methoxy-trans-stilbene+H2Q would behave similarly if the functional groups
behave as proton acceptors.

Since only the hydroxy group can function as a

proton donor, donation would account for the different behavior. Finally, the p’hydroxy-p-methyl-trans-stilbene*(H20 ) i methyl barrier behaves as predicted if
\

■

t

the hydroxy group is the proton donor.
W hile we are certain in our assignment, we are unable to form a
consistent explanation for the complex shifts that occur.

It is worth noting that

the helium complexes of all the stilbenes investigated thus far show a red shift,
which is opposite to the blue shift observed in most molecules.

The large

increase in the delocalization that occurs in excitation to S i is suspected to play
a role in the complex shift behavior of the stilbenes.

p’-p-dimethvl-trans-stilbene

In p’-p-dimethyl-trans-stilbene, a unique substituent-substituent interaction
between the two methyl groups may occur. The methyl rotor is well known for its
coupling to the low frequency modes of trans-stilbene, in particular the

V37

mode,

thus the stilbene frame may be involved in the interaction15. The rotor-ring-rotor
coupling may be important given the results between p-xylene (CH3-Ph-CH3) and
biacetyl (CH3COCOC h 3)44,86. Both contain two rotors that are remote from each
)

other and lie in completely symmetrical planar environments. In S1 p-xylene, the
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two rotors behave as free rotors similar to the methyl group in toluene; they act
independently even though the rigid benzyl ring and the two methyl groups on
the same axis should be a perfect environment for methyl rotor-overall rotational
coupling. In Si biacetyl, however, the torsional levels of the two rotors were fit to
a high methyl torsional barrier potential containing a significant coupling term of 9
cm 1.

The coupling between the methyl rotors seems to correlate with the

presence of a potential barrier.

Additionally, the. motion in biacetyl where the

methyl groups rotate in the direction of the COCH 3 wagging coordinate or against
the wagging displacement is deemed important to induce coupling.
Since p’-p-dimethyl-trans-stilbene possesses a significant methyl torsional
barrier in the excited state, and since the methyl groups show coupling to the
phenyl ring torsion, it would be anticipated that a small methyl-methyl coupling
would exist,

insight into the dynamics of the torsional modes comes from a

comparison of the torsional energy levels for each rotor. The torsional-torsional
hamiltonian interaction term affect states with E, symmetry more than a state with
A i or G symmetry108,109.

Therefore, changes in the methyl rotor splittings at

higher torsional levels could indicate a small torsional-torsional perturbation
involving the Ei symmetry levels. A simple difference of 2-3 cm'1 in the 2e or Sa1
doublets is enough to suggest a small amount o f coupling exists.
Figure 39 shows the low frequency region for p’-p-dimethyl-trans-stilbene.
The methyl torsional splittings are observed to increase slightly with increasing
torsional energy from 4 cm"1 to 6 cm'1 at the Sa1 torsional levels. The increased
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Figure 40. The low frequency region of p'-p-dimethyl-trans-stilbene. The tie
lines aid in comparing the different internal rotor frequencies for the
two methyl groups. The different frequencies suggest a possible
rotor-rotor coupling.
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splitting can be rationalized by the fact that rotor-rotor coupling involves angular
momentum from both rotors. Since there is a large change in the kinetic energy
associated with torsional motion, the magnitude of the coupling would be
expected to increase as the kinetic energies of the two methyl rotor motions
increase109. The measurable interaction in the excited state is then explained by
the rigidity in the stilbene frame as well as the increased coupling with the phenyl
torsion.

Table 23. Comparison between the methyl torsional levels for the two methyl
groups in p’-p-dimethyl-trans-stilbene. The different energies for the
higher torsional levels may imply increased coupling at the higher
levels.
Methyl torsion

Calculated

First CH3 rotor

Second CH3 rotor

Oa1

0 cm"1

0 cm' 1

1e

-4

-4

2e

57

56

Sa1

101

99

.In most cases where significant methyl rotor coupling is observed, the
coupling is associated with direct steric interaction.

The motion of an

“egg

-

beater” is figuratively used to describe the gearing and anti-gearing of the
sterically hindered methyl groups. Since the methyl rotors are attached at
opposite ends of the molecule, the presence of coupling in p’-p-dimethyl-transstilbene is an elegant illustration of how the methyl group is sensitive to n
electronic interactions of remote substituents.
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Methyl Rotor Analysis

In all the methylated stilbenes studied in this thesis, the ground states
have low three-fold torsional barriers because the % system is not very
delocalized. Consequently, the central bond and distant ring would have a small
influence on the methyl substituted ring and the methyl substituted ring should
behave similar to toluene44. Conversely, the excited states of the trans-stilbene
derivatives are known to have greater delocalization, and all display higher
barriers.

This higher barrier is caused by the pi density difference in the two

positions adjacent to the methyl group.
As can be seen from Table 24, the para’-para-substituted stilbenes all
have barriers lower than p-methyl-trans-stilbene.

The most intriguing evidence

regarding the methoxy and hydroxy barriers is they are exactly identical.

The

similarity in the barriers between the two functional groups is evidence that the
molecular orbitals of the methyl group are influenced more by the position of the
electron density on the oxygen atom caused by the conformation of the
substituent ten carbons away from the rotor=
The data compiled in Table 24 provides concrete evidence that the
stilbene n system is localized in So, significantly more delocalized in Si, and that
the methyl barrier is sensitive to the increased delocalization.

Since the

mechanism for the interaction between the % system and the GH3 group is still in
debate, including whether steric interaction or ^-bonding is the determining factor
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in barriers to methyl internal rotation, it is beneficial to discuss our data in terms
of the established models.

Table 24. Methyl rotor barriers upon excitation for methylated stilbenes.
Species
p-methyl-trans-stilbenea

V3"

V6"

V3'

V6'

28cm"1

150

p’-trifluoromethyl-p-methyl-t-stilbene
p ’-methyl-p-methyl t-stilbene

30

134

-24.0

132.1

6.53

p’chloro-p-methyl t-stilbene*

25

104.3

4.9

p-fluoro-p-methyl. t-stilbene*

28

100.5

12

p’-cyano-p-methyl-t-stilbene

22.9

87.4

8.8

-10.5

p’-methoxy-p-methyl t-stilbene B*

15

103.4

p’-methoxy-p-methyl t-stilbene A (syn)

17

91.8

p'-hydroxy-p-methyl t-stilbene B

103.9 .

10.5

p’-hydroxy-p-methyl t-stilbene A

91.3

16.1

p'-hydroxy-p-methyl stilbene (H2O)1 A

31.03

-14

77.7

-9.9

p’-hydroxy-p-methyl stilbene (H2O)1 B

32.2

5.7

74.

-9.0

p'-hydroxy-p-methyl stilbene (H2O)2A

96.4

15.1

p’-hydroxy-p-methyl stilbene (H2O)2 B

97.8

21.3

28.62

68.08

4.36

27

54

-2.7

p’-dimethylamino-p-methyl-t-stilbene
p’-amino-p-methyl-t-stilbenec

a reference 1.5. B reference 64. c reference 23.

First, the selection of the extended conjugated system found in transstilbene was intentional, so as to rule out any possible steric interactions
between the remote substituent and the methyl group. Thus, the discussion will
focus on the ^-bonding model. As discussed in Chapter Two, the consideration
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of the re-like orbitals of the CH3 group is important in terms of the electronic
interactions between a methyl group and the n system of aliphatic systems (see
Figure 4).

Moreover, it is the methyl hydrogen interaction with the secondary

atom, X, that is the deciding factor in conformational preferences.

In all

likelihood, when considering the C-Cph bond order and length, the. carbon p
orbital in tcchs does indirectly affect the overlap between the methyl hydrogens
and the secondary atom.
In applying these ideas to the stilbene system, which has n density on
either side of the. methyl group, the Tt interactions are similar, yet become
complicated since there are more Ttcns - Tt interactions to consider.

In the case

where the stilbene Tt MOs are symmetric on either side of the methyl group, the
opposing forces on the methyl tend to cancel to a large degree. An incomplete
cancellation would result in a three-fold barrier and a C-H bond eclipsing the
plane.
In p-methyl-trans-stilbene (CHs-Ph-CH=C^-Ph), the low methyl torsional
barrier (V”3 s 30 cm"1) in the ground state is comparable to that of pmethylstyrene (CH3-Ph-CH=CHa). This implies that the ethylenic bond in both
species, and the unique remote ring in trans-stilbene create only a small density
difference in the carbons adjacent to the methyl substituted position. On the
other hand, the excited state barrier in p-methyl-trans-stilbene is significantly
higher (V13 = 150 cm"1), whereas the excited state barrier for p-methylstyrene has
not changed. Hence, it is the remote ring and not the ethylenic bond that has a
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much greater influence in the excited state due to the greater delocalization in
S i. If this were not true, implying instead that the ethylenic bond is the dominant
influence, then substitution on the remote ring would be expected to have little
effect on the Si barrier. The fact that the Si methyl barrier changes with different
remote substituents (Table 24) confirms the influence of the remote ring.
The next issue to consider is why the methyl barrier decreases with
substitution of remote substituents.

A qualitative explanation for the observed

methyl torsional barriers could be that electron donating groups substituted in the
para position of the remote ring will cause a n density increase in both positions
adjacent to the methyl group, but cause a greater increase in the position that
was originally more electropositive)

This will lessen the difference in the n

density of the meta positions and produce a lower barrier as observed for the
electron donating groups. There is a pattern in the reduction of the barrier
suggesting that the stronger the electron-donating group, the lower the barrier.
On the same note, electron withdrawing substituents substituted in the
para position of the remote ring will cause a % density decrease in both positions
adjacent to the methyl group, but cause a greater decrease in the position that
was originally more electronegative.

This also reduces the difference in the %

density at. the meta positions and lowers the asymmetry of the meta positions.
The decreasing barrier heights in the order of p’-chloro-, p’-fluoro-, and p’-cyanop-methyl-trans-stilbene is strong support for the mechanism presented here.
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Two considerations, however, might suggest that this concept is too
simple.

The methyl torsional barriers for both p’-trifluoromethyl-p-methyl-trans-

stilbene, and p’-dimethylamino-p-methyl-trans-stilbene are expected to be the
lowest in their respective category based on the above model,

but do not

behave accordingly. The cause for the disparate behavior could be the inability
for the electron donating or withdrawing properties of the remote substituent to
be effectively transferred through the conjugated system. Evidence pertaining to
p'-trifluoromethyl-p-methyl-trans-stilbene may be found in the electronic origin
frequency, where the introduction of the CF3 group does not produce a lower
frequency shift of the fluorescence excitation spectrum than p-methyl-transstilbene. In other words, the small decrease in the methyl torsional barrier for p’trifluoromethyl-p-methyl-trans-stilbene relative to p-methyl-trans-stilbene may be
related to the poor ability of the trifluoromethy! group to conjugate with the n
electron system74.
The

reason

for

the

non-conforming

behavior

observed

for

p’-

dimethylamino-p-methyi-trans-stilbene may be due to a twisting of the functional
group about the Caryi-ring axis creating a twisted intramolecular charge transfer
"tict" state against a relatively inflexible stilbene conjugated frame.

In a “tict”

state, the twisting can in principle decouple the nitrogen lone pair from the %
electrons of the phenyl rings. This leads to localization of the positive charge on
the dimethylamino group and a larger value of the dipole moment of the charge
transfer state110.

Evidence for a "tict" state has been found in the solution
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studies

of

p’-dimethylamino-p-cyano-trans-stilbene,

and

recent

RCS

data

indicates that p’-dimethylamino-p-cyano-trans-stilbene is nonplanar under free
expansion conditions as well78,111. The dispersed emission spectra of p’dimethylamino-p-methyl-trans-stilbene, including the electronic origin, show a
broad congestive background underlying the discrete emission.

Fermi Resonance

At approximately or near 40 cm' 1 above the origin in para’-pmethyl-trans-stilbenes examined by this group, there is a relatively strong
transition that has no analog in trans-stilbene.

There is no 0a-i-1e splitting

expected for a skeletal mode and the transition only appears when a methyl
group is present, so it seems reasonable to assign this transition to the motion of
the methyl group. However, the methyl rotor torsional frequencies are accounted
for, and 40 cm'1 is too low for any functional group bends or stretches of the
methyl group. Careful backing pressures have ruled ,out the assignment as a hot
band. This leaves the possibility that the 40 cm'1 transition is due to a low
frequency stilbene vibration that is given allowed character; only V36, V3 7 , and V4 8
out-of -plane vibrations are likely to have such a low frequency. A vibration that
would possibly appear in this region is the 1e level of 37 1 o, which would have
e x 82 = e symmetry and be accessible from the ground state. Strong evidence
that the e torsional levels in out of plane modes have allowed character can be
found in 5-methylindole112.

Therefore, this transition is assigned as 37 1o-1e,

137
since the common axis of internal rotation for the methyl rotor and phenyl torsion
should induce angular momentum coupling. Further evidence that supports this
assignment as an “e” only transition is the spectrum of p’-p-dimethyl-transstilbene.

The 2e peak in this molecule appears as a .doublet representing the

0ar-2e and 1e-2e transitions.

The “371o-e only” transition also appears as a

doublet.
Dispersed emission from the 37^-1 e transition in p’-fluoro-p-methyl-transstilbene64 and in p’-cyano-p-methyl-trans-stilbene (see Figure 21) display similar
characteristics as the 2e level. Furthermore, it appears that as the 2e moves to
lower frequency, the 3710-1e transition gains intensity.

Figure 40 ^shows the

intensity of the 3710-1e increasing relative to the proximity o f the 2e. This would
suggest the peaks are tied to one another through angular momentum coupling.
After looking at several species we have identified a fermi resonance with this
transition and the 2e peak.

Fermi resonance represents the simplest

mechanism for the transfer of energy between vibrational modes.

The simple

two level fermi resonance between the two peaks allows us to determine the
coupling matrix element from the positions and intensities of the two transitions.
Therefore, this transition is assigned as 371o-1e, since the common axis of
internal rotation for the methyl rotor and phenyl torsion should induce angular
momentum coupling. Further evidence that supports this assignment as an “e”
only transition is the spectrum of p’-p-dimethyl-trans-stilbene. The 2e peak in
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Figure 41. The comparison of the 2e-37101e fermi resonance in several
methylated stilbenes. An example of complete mixing can be seen
in the p’-methoxy-p-methyl-trans-stilbene spectrum.
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this molecule appears as a doublet representing the Oai-2e and

1e-2e

transitions. The “3710-e only” transition also appears as a doublet.
Dispersed emission from the ST10- Ie transition in p'-fluoro-p-methyktransstilbene64 and in p’-cyano-p-methyl-trans-stilbene (see Figure 21) display similar
characteristics as the 2e level. Furthermore, it appears that as the 2e moves to
lower frequency, the ST10- Ie transition gains intensity.

Figure 40 shows the

intensity of the ST10- Ie increasing relative to the proximity of the 2e. This would
suggest the peaks are tied to one another through angular momentum coupling.
After looking at several species we have identified a fermi resonance with this
transition and the 2e peak.

Fermi resonance represents the simplest
(

mechanism for the transfer of energy between vibrational modes. The simple two
level fermi resonance between the two peaks allows us to determine the
coupling matrix element from the positions and intensities of the two transitions.

Table 25. The energy separation and intensity ratio for the fermi resonance in
selected methylated stilbenes.
Stilbene

Perturbation AE (2e-X)

Intensity ratio

p-methyl

23 cm-1

0:152

p-chloro

11

0.402

p-fluoro

9

0.66

p-methoxy

8.8

0.9T

p-hydroxy*H20

9.4

0.3959

p-amino

1T

.

0.059
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Figure 42. The calculated internal perturbation between the 2e and x transition
showing a characteristic avoided crossing. Bottom trace: The
calculated intensity ratio for a simple fermi resonance with 4.5 cm"1
mixing coefficient.
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Figure 43. The fitting of the experimental intensities and frequency differences
of the fermi resonance between the 2e and e-only phenyl torsion to
the calculated internal perturbation.
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. It is highly unlikely that the transition would have significant intensity apart
from the coupling.

Perturbation theory can then

be used to calculate
J

modifications o f the vibrational states caused by the coupling.

In regards to a

fermi resonance, the degenerate energy states will have an intensity ratio of one,
and the energy splitting between the states will be 2b; where b refers to the
coupling matrix element. The five molecules used as an example in Figure 40
have been summarized in Table 25. W e have used the para methoxy species
as the degenerate level due to the intensity ratio near one. The energy splitting
of 8.8 cm"1 would suggest,a coupling matrix element of 4.4 cm"1.

Thus, a

perturbed energy difference and an intensity ratio between the two states, shown
in Figure 41, can be calculated from the spectroscopic data. The experimental
frequencies and intensity ratios are compared to the calculations in Figure 42.
The 371o-1e intensities for the electron-donating groups seem to correlate well
with the calculations.
mixing coefficient.

This is surprising giving the rough approximation of the

However, the matrix element does not accurately fit the

experimental

intensities

Uncertainties

aside,

the

of

the
fermi

electron

withdrawing

resonance

does

modes

provide

as

well.

an excellent

illustration of new types of internal perturbations .opened for the vibrational state
mixing in a molecule following methyl substitution.
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Photoisomerizatioh

Stilbene is a prototypical molecule to look at the model and mechanism of
photoisomerization.
unimolecular

Stilbene is a representative of molecules that exhibit a

reaction,

specifically

cis/trans

isomerization.

At

first,

the

photoisomerization of stilbene was recognized as a simple example of a
fundamental photochemical process113.

Presently, it is more acceptable to

believe

process

that

the

photoisomerization

in

trans-stilbene

is

a

multidimensional potential energy, surface with several key vibrations involved.
The mechanism for the isomerization of stilbene has been extensively
studied in solvents and in the gas phase.

The isomerization process can be

measured quantitatively since a reduction in quantum yield is due to energy
being lost to nonradiative transitions.

The quantum yield depends on the rate

constant and barrier height of the isomerization process.
Focusing on the gas phase, the photoisomerization of stilbene
under collisionless conditions requires energy to be moved from excited modes
to reactive modes through intramolecular vibrational redistribution (IVR)114. IVR
plays a crucial role in isomerization in that it is the mechanism by which the
energy of the initially excited mode flows into the reactive modes. The onset and
extent of IVR can be examined qualitatively in dispersed emission spectra
recorded from single vibrational level fluorescence (SVLF) excitation114. If a laser
is tuned to pump a Sr S0 absorption terminating in a level that does not undergo
IVR, say a level relatively low in the Si manifold, discrete vibrational structure will
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be observed in dispersed fluorescence.

The broadening occurs since the

fluorescence excitation spectra from redistributed modes generally differ from
the spectrum of the initially excited SVL.

Since the rate and extent of IVR is

expected to depend on the density of accepting modes at the initial mode and
the coupling strength between the initial modes and accepting modes, it is
plausible to relate the broadening to the extent of IVR.

The broadening is

induced by the extensive coupling among states of different vibrational character.
The broadening occurs since the fluorescence from the redistributed modes
differ from the spectrum of the initially excited SVL114.
Studies have shown a connection between the CH3 group as an
accelerating feature in certain photophysical processes such as IVR because the
methyl rotor increases the density of states26. The acceleration of the IVR by the
methyl torsional modes result from the low frequency, great anharmonicity, and
its strong anharmonic coupling with other vibrational modes, especially with the
phenyl torsional mode of V37.

Spangler has discussed previously that the

coupling of methyl rotor levels to phenyl torsion is reasonable since they are
twisting on the same axis and the meta positions on the phenyl ring determine
the potential barrier of the methyl group.

It has been reported recently of the

importance of the phenyl ring torsion, v 37i in the photocyclization process of cisstilbene28. The increased density of states in dimethyl-trans-stilbene and the
lowering of the barrier to methyl rotation relative to p-methyl-trans-stilbene may

145

+89 cm

+ 177 cm

-50 0 5 0 1 0 0

200

300

4 00

500

6 00

7 00

8 00

900

1000

Figure 44. Dispersed emission spectra of p'-p-dimethyl-trans-stilbene recorded
for different excitation energies. Note the increase in broad
continuum-like fluorescence with increasing energy, indicative of
IVR.
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allow for efficient coupling to the ring torsions, thus inducing a lower competitive
pathway to trans-cis isomerization.
The dispersed fluorescence spectra enables one to examine qualitatively
the onset and extent of IVR.

An indication of possible IVR dynamics in p’-p-

dimethyl-trans-stilbene is shown in Figure 43 which contains SVL emission
spectra resulting from excitation into vibronic states at the origin, 89, 171, and
177 cm"1.

The discrete .emission at the electronic origin gives way to rising

congested background near the frequency range of v25. The diminished intensity
of the V2S peaks in the excitation spectrum and the unresolvable dispersed
emission from these peaks may indicate the onset of photoisomerization at a low
frequency of 170 cm '1. Unique photoisomerization behavior was also found for
p’-p-dimethyl-trans-stilbene in solution116. Thus in both the gas and liquid phase,
the coupling to V37 to the methyl torsional levels might change the reaction
coordinate in the isomerization process .

147

CHAPTER SIX

CONCLUSIONS

-

The goal of this research was to investigate the effect of remote
substituents on the methyl torsional barrier and n electron density in. methylated
stilbenes.

Because of the sharpness of the jet-cooled excitation and emission

spectra, accurate assignments for the methyl torsional modes can be given.

In

all the methylated stilbenes studied in this thesis, the asymmetry in the n density
is primarily due to the remote ring not being coaxial with the methyl rotor.
Nonetheless, the ground states have low three-fold torsional barriers because
the Tz system is not very delocalized so the central bond and distant ring have a
small influence on the methyl substituted ring. Conversely, the excited states of
the trans-stilbene derivatives are known to have greater delocalization, and all
display higher barriers.
Two electronic origins were found in the spectra of p-hydroxy-transstilbene and p-hydroxy-p'-methyi-trans-stilbene, and these origins are due to the
two preferred conformefs of the hydroxy group. It was observed that the methyl
torsional barrier is sensitive to the conformation of the hydroxy group ten carbons
away. A 12 cm"1 difference between the methyl barriers for the two conformers
of the. hydroxy group suggests

the

conformation

of the

hydroxy group
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significantly alters the n electron density ten carbons away in the conjugated
system. The nearly identical frequencies that have been observed for p-hydroxytrans-stilbene and p-methoxy-trans-stilbene and for p’-hydroxy-p-methyl-transstilbene and p’-methoxy-p-methyl-trans-stilbene in the excited state and ground
state suggests that both molecules act the same under supersonic expansion.
Excitation spectra of the p-hydrbxy-p'-methyl-trans-stilbene van der W aals
complexes with water show that the excited state methyl barrier is sensitive to
hydrogen bonding over ten atoms away.
complexation

behavior

between

The dramatically different water

p’-hydroxy-p-methyl-trans-stilbene

and

p’-

methoxy-p-methyl-trans-stilbene suggests the hydroxy group donates a proton to
the water molecule. Previous work has found that strong electron donors in the
para position on the distant ring into the n system reduce the St methyl barrier
relative to p-methyl-trans-stilbene. The lower methyl rotor barriers found for the
water complexes, as compared to the uncomplexed p’-hydroxy-p-methyl-transstilbene, are consistent with this model. Accordingly, this work proves the use of
methyl rotors as powerful tools in understanding s u b tle . hydrogen bonding
mechanisms in excited states of stilbenes.
The influence of the electronic effects of substituents and their mode of
transmission through the aromatic system can be. measured by the changes in
the barrier to internal rotation relative to 150 cm '1 methyl barrier found for pmethyl-trans-stilbene. The fact that the Si methyl barrier changes with different
remote substituents confirms the influence of the remote.ring. There is a pattern
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in the reduction of the barrier suggesting that the stronger the electron-donating
group, the lower the barrier. This research is one of the first to provide evidence
towards a sophisticated mechanism in explaining the sensitivity of the methyl
rotor to remote substituents.
The torsional mode plays the most important role in the IVR process of
trans-stilbene.

W e do not see a change in the dynamics of the photophysical

properties by changing the potential of the methyl group. Increasing the density
of states, however, dramatically increases the congestion and reduces the
quantum yield of the fluorescence in these species. The methyl group seems to
be at the center of the issue in its’ ability to combine with normal modes
suspected as agents in dynamics relating to photoisomerization in trans-stilbene.
This thesis gives a comprehensive overview of the electron-donating and
withdrawing remote substituent effects on the methyl rotor and the trans-stilbene
molecule in general. This work points to the sensitivity of the methyl rotors to the
delocalization and asymmetry of the % electronic system via excitation. The data
in this thesis may also help in efforts aimed at improving excited state
calculations.

W e have validated the use of methyl barriers as a probe of n

electron effects in excited states of moderately sized molecules.

The ability to

change the barrier by changing the substituent, the substituent’s conformation, or
by hydrogen bonding the substituent demonstrates the sensitivity of the methyl
group.

150
by hydrogen bonding the substituent demonstrates the sensitivity of the methyl
group.
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