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Abstract:

A normal mode and methyl torsional analysis as a function of electronic state, substituent effects and
extent of conjugation has been performed using one and two-photon fluorescence excitation and
dispersed fluorescence techniques. The methyl rotor barrier is used as a probe of the local & electron
density and is found to be very sensitive to substituents ten carbons away, along with the nature of the
electronic state.

3-methylindole, 3-trideuterio-methyliridole, and 5-methylindole were examined for their methyl rotor
structure. The indoles have two close-lying electronic states, 1La and 1Lb The SMI 1Lb methyl barrier
is V3 =80 cm-1 with a V6 contribution of -21 cm"1 Methyl barriers were also found for complexes of
SMI with water and helium, which aid in identifying the site of complexation. The barrier for 3MI for
1Lb is V3 =306.6 cm-1, V6 = -10.9 cm-1, with a ground state barrier of 443.2 cm-1.

Substituted trans-stilbenes were examined because the extent of conjugation allows the study of
electronic effects rather than steric interferences for the methyl group. The trans-stilbenes examined,
are: p-methyl-trans-stilbene, p-methoxy-trans-stilbene, p'-methoxy-p-methyl-trans-stilbene,
p'-chloro-p-methyl-trans-stilbehe, p'-fluoro-p-methyl-trans-stilbene and
p'-chloro-m-rriethyl-trans-stilbene. The molecules were chosen for the electron donating and
withdrawing capabilities of the substituents. The low-frequency skeletal modes, torsional transitions,
and the methyl barriers for the SO and S1 states are assigned. The spectra for the methoxy-stilbenes
displays two electronic origins, indicating the presence of two preferred conformers for the methoxy
group. The methyl barriers for the two p'-methoxy-p-methyl-trans-stilbene conformers differ by 12
cm-1, showing extreme sensitivity to the conformation of the methoxy group ten carbons away,
different by 12 cm"1. The excited state torsional barrier for p-methyl-trans-stilbene is 150 cm"1, and
the barrier decreases for every. substituted trans-stilbene examined, indicating that the methyl
hyperconjugation is extremely sensitive to  electronic effects through the extended conjugated
system.
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ABSTRACT

A normal mode and methyl torsional analysis as a function of electronic state,
substituent effects and extent of conjugation has been performed using one and two-photon
fluorescence excitation and dispersed fluorescence techniques. The methyl rotor barrier is
used as a probe of the local 7 electron density and is found to be very sensitive to substituents
ten carbons away, along with the nature of the electronic state.

3-methylindole, 3-trideuterio-methylindole, and 5-methylindole were examined for
their methyl rotor structure. The indoles have two close-lying electronic states, 1L and L,
The 5MI 'L, methyl barrier is V; = 80 cm™ with a V' contribution of -21 cm™. " Methyl
barriers were also found for complexes of SMI with water and ‘helium, Wthh aid in 1dent1fy1ng
the site of complexation. The barrier for 3MI for 1L is V3=306.6 cm™, V= -10.9 cm™
with a ground state barrier of 443.2 cm™

Substituted trans-stilbenes were examined because the'extent of conjugation allows
the study of electronic effects rather than steric interferences for the methyl group. The trans-
stilbenes examined.are: p-methyl-trans-stilbene, p-methoxy-trans-stilbene, p'-methoxy-p-
methyl-trans-stilbene, p'-chloro-p-methyl-trans-stilbene, p'-fluoro-p-methyl-trans-stilbene and
p'-chloro-m-methyi-trans-stilbene. The molecules were chosen for the electron donating
and withdrawing capabilities of the substituents. The low-frequency skeletal modes,
torsional transitions, and the methyl barriers for the S, and S, states are assigned. The spectra .
for the methoxy-stilbenes displays two electronic origins, indicating the presence of two
preferred conformers for the methoxy group. The methyl barriers for the two p'-methoxy-p-
methyl-trans-stilbene conformers differ by 12 cm”, showing extreme sensitivity to the
conformation of the methoxy group ten carbons away, different by 12 cm™. The excited state
torsional barrier for p-methyl-trans-stilbene is 150 cm™, and the barrier decreases for every X
substituted trans-stilbene examined, indicating that the methyl hyperconjugation is extremely
sensitive to 7 electronic effects through the extended conjugated system. -




CHAPTER ONE
INTRODUCTION

Spectroscopy is the study of the interaction of electromagnetic radiation with mattet.!

The broad range of energies in the electromagnetic spectrum allows scientists to examine the

fundamental chemistry and physics of matter. The work in this thesis utilizes the visible and
. ultraviolet region. In this wavelength region, the interaction of light with mattér is known as

electronic spectroscopy, where the higher energy light promotes the redistribution of

- electrons in the molecule. Moleciiles and atoms absorb the ultraviolet and visible light at a

resonant energy, and then the energy is lost through fluorescence or phosophorescence.

Y

Fluorescence s detected in the research presented here, and from the resulting spectra, the

molecular structure and chemical reactivity can be examined. With the advent of moderate

resolution tunable dye lasers and supersonic expansions, several issues that previously could

not be examined can now be addressed.

One area which can now be examined is the internal rotation of methyl groups. The

torsion of a methyl group is interesting since it is intrinsically different in its behavior than
other normal modes of vibration, and often is the. driving force of many of the dynamics for
molecules.”* Vibrations; such as the stretching and bending motions of functional groups

common in organic chemistry, are commonly examined using infrared spectroscopy. The
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methyl group is unique in that it is an internal rotation of low frequency and large amplitude.
The internal modes are typicglly anharmonic in behavior, making spectral analysis more
challenging. Before the adv'ent of supersonic expansions to introduce the sample to the
exciting radiation, these low frequency torsioqal- transitions were often unresolvable in the
electronic spectrum due to spectral congestion. The expansion forces the vibrational and‘
rotational temperatures to be dramatically reduced, thus only the lowest levels of the ground
state molecule are populated prior to excitation, rﬁakjng the excitation spectrum much less
- congested.

The potential energy surface that describés the torsional coordinates often changes
upon electronic excitation. The r.nethyl group will freque.ntl.y have a conformational (or
phase) change upon excitation, typically 30° or 60° due to the the three equi\'/alent hydrogens
and the resulting symmetry. The light hydrogens ana' low barriers of the methyl group result
in torsional tunneling, and because of this rigid molecular point group symmetry cannot ‘be |
used to describe this internal motiqri, and instead non-rigid group theoretical methods are
utilized. |

The methyl group typically does not rotate freeiy, the motion is usﬁally hindered. This
barrier to interpal motion was origi.nally ex'amined using microwave spectroscopy’ (which
obtains ground étate iriformation),_'and with the improx'/ed 'tjcchnology avgilable for electronic
spectroscopy, tfle examina’;ion of 'the methyl barrier in excited -states is possible. The
contributing factors to these barriers have been under exarﬁinatioﬁ for several years and is the
topic of this thesis. Thé interactions of the methyl group with the © molecular orbitals is one

!

contribution to the barrier, and is strongly influenced by the local 7 electron density.
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State?fneht of the Problem

The goal of this research is to examine the sensitivity of the methyl group to the local
T electroﬁ density in molecules with more than a single aromatic riné. ~ The sensitivity of the
methyl group to the local © electron density has been studied in several 'single ring 4systems,2"
e however it has not been examined in extended conjugated systems. In single ring systems,
steric effects can be a strong factor in hindering the methyl torsion. By expanding thé studies
to extended conjugated systeﬁs, the methyl group should be more strongly influenced b§ '
electronic effects than steric effects. This thesis presents a study of the analysi; of the barrier
to internal Totation for the methyl group as a function of electronic state and conformationa'l-
ch‘anges, site of the methyl rotor, substituent effects and van der Waals complexes for several -
indole and stilbene anélogues. The barrier to internal rotation-is obtained by analyzing the
fluorescence spectra for all of these molecules, and conclusions will be made regarding the
.above effects on the barrier to internal rotation. With further understanding of the r'netllyl
group and the effects of the local m electron density upon its'rotation, it is hoped that the
methyl group can be used as a probe of the locali T electro‘n density in aromatic compounds.

Figure one shows the indole and stilbene derivatives that will be examined in this
study. The specific reasons why the;e molecules were chosen will be discussed in their
respective chapters. Briefly, indole is the chromophore of the amino acid tryptophan, and haé
two-close lying electronic states. Information regarding these electronic states is-important
because tryptophan is respon_sible for the majority of the fluorescence in proteins.'*> The

indole analogues examined in this thesis are 5-méthy1indole, 3-methylindole, and 3-trideuterio-
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5
methylindole. The spectra of these methylated indoles exhibit chafacteristics due to.hindered
internal rotation of the methyl group along with aynamics driven by the methyl group.

The secqnd group of molecules examined are the stilbenes. Stilbene is. the
prototypical model for the sfudy of reaction dynaﬁﬁc in the gas phase, and undergogs cis/trans
photoisomen'za‘_[ion.13 Stilbene has an extended © conjugated system which makes it aﬁ ideal -
system to examine elect’ronic effects since the © system is delocalized, even more so in the
excited state, and it should all_ov;l substituents on one pheny.l ring to affect the © electron
density on ‘the other phenyl ring. These effects can then be measured by the methyl barrier.

Spectral analysis in stilbenes is made more difficult by several low-frequency vibrations, and
these vibrational assignments will be made for the stilbene analogues. The stilbenes examined
in this study are also shown in Figure one and are: p-methyl-trans-stilbene, p-methoxy—traﬂs—
stilbene, p'-methoxy-p-methyl-trans-stilbene, p'-chloro-p-methyl-trans-stilbené, p'-chloro-m-

methyl-trans-stilbene and p'-fluoro-p-methyl-trans-stilbene.




CHAPTER TWO ' N
METHYL ROTOR THEORY AND HISTORY

Methyl groups are attached to their parent molecule by a single bond resulting in a
possibility for internal rotation. This rotation is not necessarily free and several factors can

contribute to the barrier including steric and 7 electronic effects. Microwéve spectroscopy’

" results were used for many years to determine the barrier in the ground state,'hoWever, the
advent of superso;lic jet molecular laser spectroscopy has alléwed the investigation of the
methyl'group in other glectrbnic states by reducing the spe_ctral congestion. The barriers. .
" obtained for ground and exciteci electronic states and in different molleculles‘can then be

. compared to examine how functionality, conformation, the extent of conjugation, and other

factors effect the barrier. The bérrier theréforé can be utilized as a probe of the local electron
density in the molecule.“

If‘ the methyl._group is treafed aé a rigid body., able to rotate freely v;/ith' ﬁxed bond
angleé and distances, the Hamiltonian is that of a panicle-ip-é-ring, where ¢ is the internal

rotation angle.
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The eigenvalues for this Hamiltonian are m’B, where m=0,+1,£2 ... ,and Bis the internal
rotation constant B = n?/21;, where I, i$ the reduced moment of i‘n_erﬁa I, = [(crsliome) Tews
+ Lime)]. *° Inmost of the moleculés with methyl rotors, there is at least a small barrier to
- iriternal rotation. Th'e barrier can be de's;cribe using a Fourier series of cos(n3¢) terms where
n=12,., ¢isthe internal rotation angle, and the 3 comes from the threefold rotational

. symmetry of the methyl group.  The Schrodinger equation for torsional motion-is

-Ba* . ve-Ey
d |

The appropriate basis set is the free rotor representation:

The potential energy of the torsional motion can be described using the'following expression.

- 7, 2 o
H1'= Vip)= 7(1 -cos3¢d) + 7(‘1 - cos §¢) +...

The first .non-zero term in this series will depend on the number of equivalent

conformations. For example, in toluene'” the methyl has threefold symmetry about the rotor

axis (phenyl-methyl bbnd) and the ring has twofold syr%uhetry about the same axis giving rise
to_six equivalent conformafions. Therefore, V¢ will be the first non-zero term. In the

molecules studied here, V; will typically be the dominant term. V; will determine the height
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of fhg potential, while V will determine the shape of the wells. Contributions from V, are
minimal. ’

Owing to the multiple minima along tﬁe CH, torsional coordinate, the relatively low
. barriers, and the low mass of the hydrogen atoms: involved, tunneling can occur between the
wells, which makes point-group theory ina&équate in treéting the symmetry of these non-rigid
molecl‘lles.i‘s‘17 The tunneling represents an exchange or permutation of nuclei, and the
molecular symmetr§; groups developed by Longuet-Higgins and Bunker must be used. If all
possible nuclear permutations and inversions are used, thé group used is the compl.ete nuglear
permutation and i.nversion (CNPI) group. Many of tlle CNPT operations are physically
unlikely and c;n be discarded, resulting in the molecular. symmetry group. In every molecule

examined in this study, the CH; groups can best be described using G, symmetry, which 1s

isomorphic with the C,, group. See Table 1 for the G5 symmetry table.

Table 1: The G, molecular symmetry table.

G, | E (123 (23)
(321) (1‘2)*‘

€19}
1] {21 [3]
A |1 1 1
A, |1 1 -1
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In the case of léw;medium barriers (1-300 cm™), the tun‘r'xeling interaction of the rotor
wave functions splits the triply degenerate levels from the harmonic oscillator basis set
(which describes an infinitely high barrier with triply degenerate levels compa;ed to the free .

" rotor wheré t‘he torsional levels are as E = méB) into singly and doubly degenerate levelg (q,
or a, and e). The energy levels of the methyl r(;tor will be labeled by the above internal
rétation éngular momentum quantum number m and the symmetry of the level. See Table 2
for a description of how the internal rotation angul‘ér momentum quantum number. relates to
the symmetry of the.torsional state. In terms in_creasiﬁg energy the torsi()ngl levelé for the
methyl rotor are: Oa,, le, 2e, 3a, 3a, e, 5e,..."* These labels will be used throughout as '
_identiﬁcatic;n of the methyl rotor levels. To identify the torsional levels, the basis set used is

the free rotor representation shown above, and it can be solved where:
e + g™ = cos(m0) + i sin(m0) + cos(m) - i sin (mB) = 2 cos(mb)

The use of a supersonic jet expansion, diséussed in chapter three, to introduce the
.sample ensures that we will Be populating only the lowest levels for the methyl rotor, these
being the Oa, and /e le\./‘els. Torsional selection rgles for electronic transitions state that in
transitions for the méthyl rotor, like must go to like. Therefore, transitions starting in the /e |
level can only go to other £ levels, 4, t0 4, levels. The-4, and E species are different nuclear
spin isomers of the same molecule, and the differences in their seléction rules are useful in
interpreting a spectrum.’ Another difference is that A levels are nbndegenerate and the E-
levels are doubly dege‘rierate. In G, the 4, and 4, torsions have 4, nucleér sbin symmetry and

have a statistical weight of 8. Torsions with £ symmetry must have a nuclear spin symmetry
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statistical weight of 4. Hence, the 4, and £ levels cannot cool into one another in the

expansion resulting in two spin isomers and simplifying the identification of spectra through
fluorescence excitation and dispersed fluorescence work.*

Table 2: The internal rotation angular momentum quantum number relating to the symmetry
of the torsional state with G , symmetry.

E (123) | (23)°
Ton ‘E‘*j240 T
m . .ZCosmG - 2cosm®
0 1 1 1 A,
+] 2 | -1 0
+2 2 -1 0 E
+3 2 2 0 A+ A,
+4 2 ] 0
&5 2 -1 0 E é
+6 2 2 0 A F A,

For levels with A symmetry, the internal motion resembles a vibrétipn, a‘torsional
oscillation localized .in the potential wells. The internal motion of the E states has more of the
character of free rotation passing from one potential well to another by tunneling. The
degeneracy of the free rotqr rgmains for the E states which is related lto th.e two .possible
directions of internal rotation. Overall rotation of the molecule slightly splits the £
degeneracy via angular momentﬁm coupling, and‘if the perturbation is strong enough, the £
contours {)vill appear to be broadgr than the 4, c;ontburs. In the spectra obtained in. this study,

for both the methyl indoles and stilbenes, the £ levels in fact are broader, aiding in their
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identification. Once these % and A4, levels have been identified in a spectrufn, their frequencies

and intensities are used to determine a value for a potential barrier. '(See Figure '2)‘8‘ By

dentifying the first few members of.the torsional progression in a spectrum; the higher
transi‘tions can often be lé)cated by comparison with the calculated frequenciés.

The first step in determining the potential barrie‘r for the me.’;hyl 1glroup from
experimental data is to uée_ a FORTRAN program, VNCOS, 'writterll by Laane and
coworkgrsilg This program calculates the eigenvalues for a potential function of the type

Y (V./2)(1-cos nx). Based on the frequency differences of the rotor levels, the V; and V

terms are optimized to reflect the barriers. There is one other factor in thé,ca‘lculagion which

is ‘optimized, B, the internal rotation constant. For CHs, this value typically raﬁgés from 5.2~
5.4 cm™ Using the VNCOS progfam, we can then obtain the potential terms for the ground

{

and excited state barriers if we have experimental data available. Transitions higher than 3a,
. f
are typically above the barrier and are not as well fit by, VNCOS.
VNCOS was written to calculate IR transitions for a single electroni,c state. While it

can be used to determine barriers for both the ground and excited states, it cannot calculate

intensities in 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 previoilsly calculated from VNCOS for the ground and excited states. These values

can then be obtimized to find barriers that would yield the observed intensities and

frequencies. The intensities are calculated from the Franck-Condon factors. The Franck-

Sv_/vy = Jw:"" \idT'N '
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- Condon factors are determined by an integral™!

which is the overlap of \‘/ibrational wave
functiong of the ground aqd excited electronic state, occasionally expreésedlas the integral .
squared to reflect the probabilit’y. A change;‘in conformational pfeference, displac_ementtof :
the potential energy surface, barrier shape and height all coﬁtribute to the observed intensities.
If many ‘ transitions in the methyl. ;otor progression have intensity in a spectrum,. the

' éonformétion change is typically 30°—60°, while if only the origin has .signiﬁcant intensity
(98%), there is no conformation chang'“e between the two states.

An exarple of fhe; hindered in;cerna._l rotation po‘tential barriers fo; the me_thyl group
are the potentials for p-methyl-trans—stillé)ene.. These barriers were assigned previously by
Zwier and Spangl.er.“ The barriers for the ground and excited states, ;eﬂecting the
conformation change for the methyl group, are shown in Figure 3, with V, =28 cm™ and V,
=150 cm™, and the‘ internal rotation constant is B = 5.35 cm for both states. Tlﬁs molecule .
was previously aésigned with a 35° conformation change. The conformation change was
- modified to 60° upc‘)n reassignment of the 3a, levgl as discugsed in chapter seven. The -
barrier for rotation increased 5-times upon excitation, indicating that the methyl group in this
molecule is vefy sensitive to changes in the electronic structure.

There are many pqssible causes for the barrier that hinders the internal ;otation of the
| methyl group. An éarly example of internal rotation in the excitea state was work by Ito, in
t-he' mid-1980's. He examined this in fluorotoluene as a function of ortho, meta and para
substitution.? For o-fluorotoluene the ground s;cate barrier is 228 cm™ and reduces to 21.8

cm’ upon excitation. The ortho position can make steric factors the dominant factor

hindering the rotation. In the ground state for both mefa and para ﬂuorotoluen_é the barrier
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is very lqw, but for m—ﬂuorotolugne it increaées dramatically upon excifation. This group of
mqlecules is one of the be;t starting points for looking at & electronic effects in phenyl ring
systems since it systematically looks at the different positions around the phenyl ring. There

have been many other comprehensive examinations of methylated single ring systems such as

10,11 22,23 10-12

[Syrimidines , toluenesz’?; cresols®”, anilines® and styrenes As discussed in later
bhaptefs, the study of methiylated stilbenes will show t'ha‘t 7 electronic effects are a -
* contributing factor to the balzrier to internal rotation, as steric effects are ruled out by the large
separation of the substituents.

- Therole of hypercc;njugation in relation to the barrier has been a point of contention
for many years. Hyperconjugation is a resonance staBilization due to deiocalizgtion of ao
bonq with the adjacent 7 orbitals. > Over the past several 'decades, several different models
of hyperconjugation have been developed. Hehre states that the interactions between a
methyl group and the 7 electron system of the molecule to which the metﬁyl group 1s attacﬂed
to can be explained by considering the 7 and m* orbitals of a double bond and the = -like
orbitals.of the CH; group.”® There are four diﬁ’e;ent interactions that can contribute to
‘hyperconjugation, and the preferred staggered or eclipsed conformatiqn depeﬁds upon t‘ﬁe
orbital interactions. If an electronic .excitation takes place, the staggered conformer wouid -

. be favored over the eclipsed for two of the ~iﬁteractiqns (bropene is an example) But the
contributioqs frprh the other two interactions must be taken into consideration. For small

molecules this theory does explain the experimental évidence, however, in larger molecules

many more interactions must be taken into consideration.
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A theoretical approach to hyperconjugation involves looking at the methyi group such .

as-in propylene (C,=C,-C;-H, ,,), where H,,, are the three methyl hydrogens.?” The
wa‘veﬁmction isa set of 3 C-H bond ﬁmctions,l eéch being a lineaf combination of a hydrogen
1s orbital and a C sp® orbital. These are used to form grdup orbitals as a iinear combination

of the three H orbitals. These are mutually orthogonal if overlap integrals are negiected.

by = —=(by + b, +d,)

3

By = = (2, ~ by - by)

7.

(b, - b,)
2

7

¢, =

The functi;m ¢, has no node and can overlap with whatever 2s and 2p, orbital of C; that i;
"left over" from the o bond to carbon 2. The function ¢, has a nodal plane roughly
approximate to the nédal plane of 2p,, and ¢, has a nodal plane in the xz plane, with orbital
overlép occurring with the carbon p, orbital: Therefore, the C;-2p, orbitals and the b, group
" orbital can by symumetry join the n-lattice, which is the 2 electrons in the C,-H, ﬂ:-ty;;;e bond, -
and are now t.reated as part of the 7 system. There are two other models of hyperconjugation
in the literature. One is the Pauling model, which is described in terms of an inducti\}e model
and in which' conjugation is neglected. The other is the Matsen and Stev;ar_lson Heteroatom
Model, in which the electrons in a rﬁethyl group 'behave as a single electron pair contribution

to the © system.
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The model that we feel best represents hyperconjugation is the first modél which
contributes electro-n 'density from the C-H bonds to the = sys’@n. There are many
: inﬂuencés which affect the hyberconj.ugation when:the methyl group is attached to aromatic
systems along with other functional groups. The methyl group i_s éhown to be sensitivé tom

electronic effects from the functionality of substituent effects, as will be shown in this thesis

for the substituted stilbenes.
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CHAPTER THREE
EXPERIMENTAL PROCEDURES

:The_: details of thé experimental procedures developed and used in this thesis work are
presented in this chapter. The main éxpen'mental technique, sﬁpersonic jet laser spectroscopy,

has been developed extensively over the past decades.>*%15222428 When the need has arisen,

new procedures were developed in the laboratory to obtain more information, including the -

application of a charged coupled device (CCD) to take exposures of the dispersed
- fluorescence. The origination and/or .synthesis of'the molecules used in this study will be
presented first. The .experimental setups for lhv, 2hv, and dispersed fluorescence will then

be presented, along with discussions pertaining to the theory and use of these methods.

AN
Compounds .

The indole compounds used for the methyl rotor studies came from a variety of

sources. 5-methylindole was obtained from Aldrich Chehﬁcal, while the 3-methyl-indole was.

obtained from Sigima Chemical. Both were used without further purification with a stated
purity of >98%. 3-trideutero-methyl-indole was synthesized by Dr. C.J. Lee as discussed in

the thesis of David Sammeth.*
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The stilbene analc;gues were obtained from several different sources. The p-methyl-
trans-sti'lbene was synthesized for the earlier studies performed at Calvin College and was
obtained.from T.S. Zwier now at Purdue University. The p-methoxy-trans-stilbene was
obtained from the Sigma Chemical Company and was used without further purification. P'-
methoxy-p-methyl-trans-stilbene was synthesized in our research group by reacting 0.03
moles of the Arbusov ﬁfoduct, CH3—C6H,?-CH2-P=O(Et) dissolved in 0.06 moles NaH in 1,2-
dirﬁethoxyethane (DME), into which was added 0.63 moles p-anisaldehyde. This solution
was refluxed at 70°C for 0.5 hours duriﬁg which time H, gas was produced by the rleaction, .
indicative of formation of the stilbene. The reaction was quenched with water, and 'th_e
result’ing stilbene crystals were collected and recrystallized twice in ethanol and then dried.
The yield was qpprdximafély 75%, and the melting point is 158° Celsius. The compound
was examined with '"H-NMR and FTIR, and compared to thé commercie-lllly available p-
methoxy-trans-stilbene. |

The three halogenated methylstilbenes .were 'prepared in a similar manner. They are
p'-chlorc?'-p-methyl-trans—stilbene, p'-chloro-m-methyl-trans-stilbene and p'-ﬂuc;ro-p-methyl—
trans-stilbene. The Arbusov product used above was repiaced with the apprépriate
ph'osphinate obtained from Lancas_ter Chemical, aléhg with the proper halogenated éldéhyde
compound. The p‘-chloro4p-methyl-t.rans-stilbene and the p'-chloro-m—methyl-trans-.stilbene :
were synthesized originally as a' project in. Dr. Arnold Craig's oréanic 206 laboratory, and
further work was done by our research group, Brian Pagenkopf, and Susan Sheehaﬁ. A
version of the Wittig reactiop is utilized, involving the transfer of an alkylidene-phosphorane,

derived from an alkyl tn'phénylphosphbnium salt, to a carbonyl compound with displacement
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of the cgrbonyl oxygen.”® This synthesis resulté in the_rﬁajority of the compound to be of
trans stereochemistry. ~ The formation of cis isomers does not affect the experiments
-performed in this project as cis-stilbene in jets has a fluorescence spectrum that is broad and
featureless, and absorbs in a different wavelength region than ,trans-stilbehes.” One
equivalent of" n,-BuLi was used as a base, then it was reacted .with' 3-(or 4)-
‘methylbenzyltriphenyl-phosphonium chloride in THF as a solven't. One équivalent of 4-
chloro.-benzaldehyde was added and the I'sblution was refluxed. The product .was filtered,
recfystalliz,ed in ethanol, and dried on a higﬁ-vaéuum line. 'H-NMR, FTIR and gas
chromatography were used to test for purity and identification.

The p‘-ﬂuoro-p-methyl-trans;stilbene Was prepared in a similar manner' by Brian
Pagenkopf. One equivaient of 4-met‘hylbenzyl-triﬁh'enylphosphoniur‘n bromide was dissolved
in THF and one equivalent n-BuLi. 4-fluoro-benzaldehyde Was added and thé solution was

. reﬂuxéd. The product was recrystallized in ethanol and the solvent removed. Once.again tile

sample was examined for purity with gas chromatography, and analyzed with "H-NMR and

FTIR.

Sample Preparation

The vapor pressure of these compounds is Ivel;y low at room temperature, therefore
the samples are heated to éet adequate concentration in the expansion. The indoles were
heated to approximatély 100° Celsius, while the stilbene had to be heated to 12‘5‘° Celsius,
near the temperature limit of the sample system.  See Table 3 for specific sample

temperatures. The stilbenes were placed into a Pyrex beaker inside of a stainless steel sample .
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| ch‘gmber to help inhibit polymerization. This also rr;ade for 'easier sample recovery. Glass
wool was occasionally uséd insid_é of the sample chamber 6 raise the sample closer to the .
outtake tubg. |
- As m:entioned above, the samples were introduced via a supersonic jet exﬁgmsion.
Without cooling the sa;mple via the expansion, the spectrumlwoﬁld be.;éry éonggsted dué to
hot bands,‘which are transitions that begin from higher vibrational levels of the ground state,
and the'l.ow-frequenc.:y modes that are examined in this work would be diff;cu'lt to observe.
A seeded jet is uséd, in which Vaborized sample is entréined in helium and the gas mixture is
ﬂéwed throuéh a pulsed nozzle. The cooling occurs.whén ‘gas from.é high pressure reservoir
1s discharged into a low pressure regi.on through a small nozzle. The seeded molecule is
embedded in a translationally cold environment which 'cools the ir_ltérnal degrees of freedom N
: through collisional energy transfer. At the point where the gas density becomes too low to
support collisioﬁs, the final temperaturé becomes fixed. During the expansion the gas
‘ A \ :

acquires a net flow velocity which exceeds the local speed of sound.”® With our system,
optimal cooling was 'c'mhieved with a He backing preséure of 5-7 bars. This allov;/s a sufficient
| quantity of sample made available for excitation. VYith this pressure, the mol’ecul‘es rotational
température is near SK while the vibrational ‘temi)eratures are typfcally less than 50K: In
order to increase the thermal population of higher vibrational levels of the elgctronic ground
state to identify hot bands, the helium backing pressure can be reduced to 0.4 barr He. See
Figure 4 fora dialgrarri showi;lg the expansion conditions necéssary to obtain ‘s;lper'sonic jet-
cooling. In the figure, P, fefers to the helium backing prgssure; at te'mpe.ratlllre T,, which goes

through a nozzle with a diameter D, where it expands into a low pressure (P;) chamber

v
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In lhv FE, only one photon of exciting radiation is used to-reaéh the désired state.
Becausé of 't};e quantized nature of all systems, one must have exactly the right wavelength
of light to probe the desirea transition. The frequency of an observed‘ spéctral line is given
by hv =E’' - E”, wher@ E’ and E” are terﬁl'energy values containing separable electronic,
vibratiohai, and rotational contributions. . All obser'ved traﬁsit.ions must follow symmetry
selection rules. At our c.:oldest-cond'itions (with P, = 6 bar He) the transitions typically hgve.
a bandwidth of 3-4 cm™!. A freqqency region of alpproximately 1000 C.I‘I.1_1 is scann;ed to
obtain the‘spect.rur'n of the S, state: In stilbene;, -after IOOC cm™?, combination bands create
significant spectral congestion, making it difficult to identify individual transitions.

In disperséd fluorescence (DFj, instead of scanning over a regicl)-n, oﬁly one excitation
frequency ié used, set for a‘kﬁow.n S} vibronic transition. The subsequent emissipn 1s tﬁen
dispersed using a monochromator aﬁd the ground state levels to which emission occurs can
be identified from ;che frequencies of the transi;tions in the resulting spectrum. The emis_,silon
spectrum is dependent on the vibfatio_nal character of the initially prepared S, level and this
technique allows improved identification aﬁd understandihg‘ of ;energy levels, Franck-Condon
factors, and dyhamical issues.” See Figure é'fqr a diagram ex‘pléining the process of
dispersed ﬂuorescence:

A two photon ﬂuoresée_ence excitation utilizes two 'ph’otons of visible light to 'probe an
excited transition. One photoﬁ is used to reach a virtual state, and simultaneously the secoﬁd
photon takes the molecule from the W@al state to> fﬁe excited state. There aré facfors in the

“two photon process which lead to experimental difficulties. Two photon absorption cross

sections are typically 10° smaller than one photon cross sections making it much more difficult
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laser. It is usually operated at the second harmoMc of 532 nm, with a typical energy output
of 276 mJ running near optimum conditions. For the methyl indole work, the; wavelength
region required utilizes the third harmonic of 355' nm light with a typical powér of 173
mJ/pulse. Each pulse is 8-10 nanoseconds in duration. _This beam pumps a Lumonics HD-
. 300 tunable dye laser, with a resolution of 0.07 em™! in the visible region. It is equipped with
~a Bethune cell for the amplifier which creates a circular beam with unifqrm intensity, as
opposed to the come;t-shaped output of; a -standar.d dye cell. This Béthune cell has a lower
conversion efficiency than a standard cell, requiring.the high power achieved with the
Nd:YAG 750 laser. For the methylindoles, Exciton's Coumarin-540A dye was used with the )
dye curve extending from 523-590 nm. The stilbenies analyzed required different wavelength
regions. Thg following stilbenes were analyzed using DCM in propylene carbonate and
methanol, which covers the wavelength region of ‘29,60.0 cm™! to 32,400'cm‘1: p-methoxy-
trans-stilbené, p'-methoxy-p-methyl-trans-stilbene, p‘-chloro-p-methyl—trans-stilbene, 'p"—.
chloro-m-methyl-trans-stilbene, and p'-fluoro-p-methyl-trans-stilbene. P-méthyi-trané-stilbene

was analyzed .using R640 in methan01 .with,acid added to red-shift ‘.[he dye region.
For the dispersed emission experiments.and the one-photon work, monochromatic
Visiblé light from the dye was frequency doubled in BBO using a Lﬁmonics Hypeﬁrack 1000.
The dye curve was set in =300 cm™ increments to optjmi_ze the doubling angle of the BBO
crystal. A set of prisms wdS'originally used to pass the UV light, but they were removgd
when problems arose with the beam "walking" with changing wavel_eggth, and the appropriate
Schott filters were used to remove the visible light. The beam is then passed through a

spatial filter and a focusing lens. For -all of the stilbenes, a one-meter focusing lens was used
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at the appropriate distance ﬁom the excitation region. Two prisms are then used to raise the
laser beam to thé level of the excitation chamber.-

’l;he jet apparatus utilizes a General Valve Series 9 pulsed nozzle with a 0.8 mm
orifice, which expands the sample into a six inch nominal, six-'way cross.evacua'ted by a
*Varian VHS-6 diffision pump Whicil is backed by a Varian mechanical pump. A pressure of
5 x 107 torr can be maintained under experimental conditions. Sar.nples are heated to the
desired tem‘peratures as de;scr'ibed in Table 3 and entrained in 0.2-7 bar helium. i‘he jet axis
and laser axis cross at §O°. The fluorescence is collected ar.1d focused onto the cathode of an
EMI 9813QB photomuitiplier tube (PMT) by a Melles Griot REM 0.14 ellipsoidal reflector,
which captures more than 70% of the emitted light. An adjustable jris with an aperture of
approximately 2 mm 1is f)laced in front of the PMT to spatially discriminate against. the

scattered light. The resulting signal is fed to a Stanford Research Systems SRS250 boxcar

+

~

integrator, digitized, and stored on a computer. A 1450 Q resistor is used to terminate the
signal on each boicar. Laser power is monitored by using a Rhodamine 590 solution as a
quantum counter and detecting:f,r the dye emission with'a second PMT with the resulting signal
sent to another bo\xcar 'system. ' Corr_ection for laser power variations are made in the ldng-
ra;dg 1hv scans. The 1hv spectra presented in the following chapters are én average of three
scans, normalized, with a resolution of 0.15 cm™ unless otherwise noted.

The dispersed ﬂuoréscehce ekperiments are very similar to the lhv fluorescence
excifation experiments. The dye laser is held at'oné frequency instead of being in the scaﬁni_ng

mode. A single electronic transition is excited, and the fluorescence is collected with the same

 ellipsoidal reflector as described above. Two different methods were used to obtain dispersed
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ﬂuorescence data during the course of this study. The ﬁrs‘; method used a 0.25 meter Oriel
monochromator with a 2400 lirie/mm grating, Witli entrance and exit slits typically set at 200
microns giving a resolution of =15 .em"1 in the dispetsed fluorescence .spectrum. An OriieI‘
scanning control unit rotates the grating to 'ob‘iain a: spectrum. The same PMT and data
acquisition system was used as described above.. To improve signal/noise, several scans
requiiing over an hour in acquisition time had to be averaged for every probed transition.
Because several of the desired transitions in the ground state could not be resolved wi'ih the
relatively poor dispersion and S/N of this system, another procedure was implemented.
The majority of the dispersed fluorescence spectra obtaiiled m this research was
obtained with a new dispersed- einission syste'rri: A Spex 0.5 meter monochromator with a
3600 line/mm grating and an entrance slit of 100-200 microns was used for /the majority of
the dispersed emission. ( See Figure 8.) Additionally, a Prixiceton Instruments li_quidl nitrogen
coo'ledl charge:-couple’d deiz_ice (CCDj detector was used to coilect'ihe dispersed ﬂuorescenee.
No exit slit is required on the monochromator as the full dispersed fluorescence is collected
with the CCD, although we are limited to afipioﬁmately 1400 cr_n‘1 in this wavelength region |
as dictated by the CCD ship size. A CCD is a silicon solid-state riiultichannel detector which
integrates signal information as the light strikes it, similar to taking an exposure with a
camera. One of the biggest benefits fro.m using ; CCD compared to other detectois is oy
their e}bili‘;y to transfer the photogenerated signal from the photoactive element to an on;chip
amplifier, which allows.for a i/ery high signal-to-noise output.***” Qther advantages of usiri‘g" i
a CCD include very low detector noise, approximately-1 count/pixel/hour, and Binning, which

is a process of summing the charge contained in multiple elements on the detector before
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sensing the total charge. The CCD chip used in this system is a 1024 X 256 pixel chip with
a UV coating, with each pixel having a w_idth of 26 microns. The 256 pixels in the vertical
direction are binned to improve S/N. With an entrance slit of 100 microns c;n the
mono.chro'mator, we are limited to a grating resolution of 1.38 cm™/pixel, with an overall

resolution of 5.5 cm™ in this frequency region. This is adéquate resolution to obtain good .

ground state vibrational and torsional frequencies for most transitions. The detector quantum, =~

v

efficiency is also very high, and is very sensitive to low light levels.

A comparison of the experimental data obtained for the two dispersed fluorescence
methods is shown in Figure 9. A dispersed fluorescence spec;crum of the second ellectronic.
origin of p-methoxy-trans-stilbene acquired with the scanning monochromator system took
-2.5“hours as compared to two minutes \./vi'th the CCD method. This reduction in.acquisition
. time is important becausé of limited lsa'mple quantity. Thereis also a large irriproyenien_t in
the resolution. The decrease in acquisition time aléng with the improvement in resolution
allows the frequency of low-frequency modes in S, to be fourid with greater preci:sion,’an‘d
' dispézrsion of weaker transitions more feasible. . |

The other spectroscopic technique used in this study for the methylindoles and for p-
methyl-trans-stilbene and p'-cmoro-p-rglethyl-tr‘ans-stilbene is twq-phdton (2hv) spectroscopy.

- The dOubIer.i's removed from the systerri, allowing the visible light to’be the exciting beam. |
An important feature of 2hv speétroscopy is.thf; dependehpe on the polan'zatidn of the

. exciting radiation. See Figure 10 for the layout of the 2hv experimental apparatus. As

described in the thesis of David Sammeth?®, the visible light is passed through a Glan-Foucault
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.polarizer which-allows only vertical linearly polarized light frorﬁ tﬁe dye laser to pass. Two
prisms are then u;ed to ;aise the laser beam to the axis of the jet chamber.‘ A three thomb-
system fo'r light polarization control is p}aced after the prism tower. Allens is placed-in the
beam path to flocus it down for greater power density. The polarization is cﬁanged- by
rotafting" the double rhomb assembly manually. The fluorescence is collected with the same
ellipsoidal reflector used in the 1hv work. ‘All scattered light is due to scattered visible light,
while thé wavelength of i'n‘terest' is in the UV, so several Schott UG11 UV bandpass ﬁltérs
are placed in friont of the PMT to eliminate all scattered laser light, and the spa;rial aperture
can be removed. The PMT volltage‘ can be increased folr high sensitliv.ity, along with various
boxcarv adjustments. |

Any special parameters that were utilized for specific molecules-will be described in

chapter four and six, which contain the experimental results.




35

CHAPTER FOUR
EXPERIMENTAL RESULTS: INDOLES

. The indole molecule and its dérivai‘.ives ha\ié been investigated spectroscoliically for
‘many .years because indole 'is the chromophore of the amino acid tryptophan, which is
responsiblé for the majority of the fluorescence ‘for proteins.”> Two ‘électronic states, 'L, and
'L, (Platt notation) are close lying in fiequency and arc; sensitive both to the environment and
substituiion. Polarized two—piioton fluorescence excitation spectro.s_copS/ has been used to
distinguish the two electronic states in' solution and more recently in the jet.3’;

The spectra Qf methylated i-r_i'doie. derivatives exhibit characteiistics due to hinder‘edi
internal rotation of the methyl group. 5-methylindole and 3—ri1éthylindole are examined in this
work to invgstigate the dependence of methyl behavior on boi:h the position. and the electronic
Staie. Previous solution work on these two molecules sﬁggested that the eléctroriic states
become widely separated when the methyl is in\ the 5 position but move together when the
substitution is in the three posi’cic.>n.3941 Sammeth et.al. showed that the 'L, and 'L, eiectronié
states for the isolated indole molecule remain separated in energy and distinguishable via two-
photon spectroscopy.® The 'L, and 'L, states can also be distinguiéhed for the methylindcilés
examined in this research. The study of the mephylindoles includés torsional assignmeiits, E

barriers, dynamical behavior, and solvent and rare gas complexes. A discussion of the
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assignment of the electronic character of various vibronic transitions as determined by two-
photon spectroscopy is presented 'elsewhere._” Tﬁis work will deal wit.h how the electronic
nature of the states aﬁ’ects th’e methyl group.

The ind.ole i;cself was exam@ned by previoﬁs members of the Callié and Spangler
research groups and lays the foundation for the work on the methylindolesl. To distix'lguish
the electronic nature of . transitions, 2hv fluorescence excitation scans were taken for
transitions with both circular and l_ir‘learly. pol’a.rized‘ ligﬁfc. Q'values are then measured, where
Q is the ratio of the intensity with circularly polarized light compared to that for l‘i‘n.early
polaxized light. It has been found that Q('L,) IS =1.35, while Q('L,) is ~0.5. The first intense
traﬁsition Qbsefved is assigned as the origin for ILI;, while transitions that show 'L, character

and may be the 'L, origin begin at +455 and +480 cm™ above the 'L, origin.*®

5-methylindole Experimental Results o

The one-photon fluorescence excitation spectrum of ‘5-methylindole is shown in
" Figure 11.2 The absolute frequency of the first intense transition is at 35,353 em™, and this
has been assignéd as the 'L, origiﬁ from 2hv studies. There are several more tran:sitions
observed in this spectrum than‘in indole, owing to the distribution of the intensity over a
prominent methyl rotor prog'ression. In order to observe a torsional prdg;es’sion_ With this
much intensiFy, there must -be.a conformational change for the methyl group upon exlcitation.v
- Wallace and cowork@rs pre\'/io{lsly reported the assignments of the torsional progression and

the barrier to internal rotation®”, however we have reassigned the higher torsional features and

discovered many interesting effects related to the methyl group. The torsional pattern is also
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observed in co'mbinatio'n with all of the skeletal modes of this ;nolecule, however, there are .
significant variati‘ons fro.m the expected relative inten'sity'pa’ttems. The first transitions that
have an Q vaiue indicative c;f the 'L, state appear approximately 1400 cm™ above the 'L,
origin. All ‘5—methylindole torsional structure in Fig'u‘re‘ 11 belongs to the 'L, state. A

' discussion of the assignments of the methyi rotor'transitions will follow in chapter five, aloﬁg
with the calcﬁlaﬁons of the potenﬁal barrier for the; hindered internal rotor. -

) Clo.sc examination of the lo.w freqpenéy regioﬁ of the 1hv ﬂu;)re;scenc'g excitation

, spectrﬁm rev'eals. that tﬁere are weaker éateliit'e transitiong, usually to the blue of each -
torsional member. These lines are due to the carrier gas heliufn forming van def Waals
comﬁlexes with 5.-methy1indole, Tﬁis was confirmed by changing the backing pressure of the
helium and observing thé intensity dependence of these transitiqps a's 2 ﬁ)ﬁctibn of the amount

_ the helium concentration. One and two helium complexeé are observeci and identified in this
maqnér. The methyl rotor barrier has Been fit for each complex and the implications of this -
barrier will b'e discussed in chapter five.

At 150 om™ to thé red of the 'L, origin aﬁother torsional progression is observed.

This progression lost intensity over the course of the experiments, and is due to atmospheric

contamination of the sample with water. ‘Ptevious work gave similar red-shifts for indole +

water and 3-methylindole + wafer“, verifying this assignment in S-methylindole. A barrier
has been fit for the S—methylindole + water complex, and this will also be discussed in chapter

five.
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_ 3-methylindole and 3-CD,-indole

The one-photon fluorescence excitation spectrum of 3-methylind61e (3MI) is shown

in Figure 12", with the origin truncated at ~ 0.3 of its correct relative intensity. The absolute

frequency of the origin is 34,876 cm™. 3-CD,-indole was also examined to identify vibrations
and the torsional structure via the deuterium effect (see Figure 13). The low-frequency
region of the 1hv fluorescence excitation spectrum of 3-CD3'-iridole will be presented in

chapter five as it pertains to the 3MI assignments.

44-46

The spectrum of 3MI does not show a long progression for the m'eth_yl torsiod ",
indicating that there is no conformational bhange upoﬁ excitation f;>r the methyl group.
Examination of the low-frequency region of 3MI and the c_ieutero compound does allow
assignment of transitions due'.to the methyl rotor progression.- The spectrum is fairly

complicated as there is the existence of a second, low-lying electronic state, the 'L,. The

i

intense origin is assigned as the 'L, origin, However, most of the other transitions in the

spectrum appear to contain 'L, character. Several low frequency transitions have inconclusive
Q values concerning the nature of the electronic state. The methyl barrier can be fit from the
‘experimental data for S, and the 'L, state, and the 'L, barrier can be estimated from observed

splittings of transitions with 'L, charécter, as will be discussed in the following chapter:
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CHAPTER FIVE
DISCUSSION: METHYLINDOLES

The goal of this re_search is to examine hoW different electronic effects influence the.-
methyl group. For the methylindoles, fhis is done by examining the nature of the electronic
state-s‘, ILa and 'L, in relation to the potential barrier for hindered internal rotation. The
assignments of the ;rorsional features and the calculated barriers for e%ach molecule in. its
electronic states Wili be presented individually, 'i.loﬁg with discussions of special issues relating

to that molecule such as the complexes and dynamical issues. At the conclusion of this

- chapter there will be a comparison of the barriers to internal rotation for the methylindoles.

AY

" 5-methylindole

The 1hv fluorescence excitation low frequency spectrum (first 250 cm™) of 5-
methylindole (SMI) is presented in the top trace of Figure 1"4.1'2 On the bottqm half of Figure
14 are the linearly and circularly polarized two-,i:)hoton contours, of the first four transitioné,

which are part of the methyl rotor progressioh. Each two-photon contour spans 9 cm™, with

. the circularly polarized contour on the top trace, and the linearly polarized contour on the

bottom. As mentioned previously, these transitions all belong to the 1L, electronic state.

1
N
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There is an internal-overall rotation interaction in SMI that affects the E contours. As
discussed in Gordy and Cook based on work originally done with microwave spectroscopy,
the angular momentum due to internal rotation of the CH; can couple with the angular'
mqmeﬁmm due to qverall rotation of the mlolecul_e, and this coupling is significant if the CH,
top axis lies near the symmetric top axis.>** 5MI has been calculat-ed from AMPAC
calculatiéns to be ;1 near prolafe top, K = -0.82 with the A axis passing between the 5 and 6
positions near the methyl axis. Thé interactioﬁ is also increas(ed when the methyl motion is
closer to a true internal rotation as Qpposed to a torsional vibration. "This distinguishes the
A, from the £ levels. The E level wavefunctions show a larger amplitude inside the barrier
than-do the 4 , waveﬁ{nctions, thus the E waveﬁmc;tions_r_noré strongly resémb_le an intérnal
rotation allowed by tunneling through the .barrier. The overail rotation in the system wili
slightly split the £ degeneracy, and with sufficient res.olution, each rotational level of the £

, :
.transiti‘ons will appear-as a doublet. At the resolution in these experiments, these effects
cause the £ contoﬁrs to'app'ear broader than the 4, contours.

This broadening of the E contours manifests itself in SMI in the 2e, fe and Se
contours. The »1 hv contours are observed to be broader than 4, contours. The two-phéton
contours manifests this by giving a.narrow Q branch in the linearly polérized contours for the

‘A, transitions bu.t not for the E transitions. |

The electronic origin contains the torsional intensity for both the 0Oa, and the .Je

members of the torsional prog.ression. An apprO).dmate 0a,-1e splitting can be determined

from the 2hv contour of these transitions. Since the 0a, will have a narrow *Q branch and

the 7e will be broader, the red-most part of the origin is assigned as the Oa, frequency, with
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the /e b.eing +1.2 cm™, which is close to the calculated value. The 2e and 3a, assignments
agree with that of Wallace and coworkers?. These transitions occur at +39.5 cm™! and
+74.6 cm™* respectively.

The bgst fit for the torsioﬁal structure for the SMI 'L, electronic state is shown in
Table 4. This table includes the calculated barrier and experimental and célculated transition
frequencies for -S-inethyl_indole and observéci complexes. The best fit was obtained by using
INROT and VNCOS, and differs from Wallace's assignment in three ways: the relative
frequencies are slightly different, the assignments of 5e and 64, are different, and the internal
_rotationél constant used is more appropriate for this molecule. The resulting potential barrier
is very similér to Wallace's with a moderate V; potential height and a significant negative V.
term which gives rige to unusuallylz wide wells and narrow barriers. The wide wells aid in the .
strong internal-overall rotation interaction .Which cause the observed broadening in the £
levels. Adding a V, term to the calculation does not improve the fit. The barrier can be best
fit wit:h the following values: B' =530 cm™, V,=80+5 cm™, .and V';= -21+£5 cm ! The
intensities of the ’torsional progressions can be best described- using a 60° conformati'onal
change for the methyl group upon excitation. '

The reassigﬁment of the 5§ level is based upon the following information. The
assigned e is obsgrved at +94.4 cm™ and is broad, and thus tl_ne Se would also i)e expected
to be fairly broaa, especially sin.ce it is calculated to be above the barri'er.. There'is a
transition that appears With the\ expected broadening and e;cpected intensity at +1 '55'.5 cm™,
and is thus assigned as the Se. Ther.e is a transition at the calculated frequency of +147.1

cm™! that is narrow. The +155 cm™ transition is also observed in other progressions that
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appear in combination with skeletal modes, while the +147 cm™' transitions does not. Since

the /e has an experimental frequency different than the calculated frequency, it would be

~ expected that the Se would also deviate from the calculated frequency. Above the barrier the

pure hindered rotor Hamiltonian used to fit the levels in the calculations is inadequate. This

is because for the unbound levels, the angulaf momentum-couples too strongly to other

sources of angular momentum to allow reasonable separation of the Hamiltonian.

Table 4: Calculated barriers-and experimental and calculated transition frequen01es for 5-
methylindole and complexes.
. SMI 5MI + He 5MI + 2He 5MI + H,0
V,=80.8 cm™ V, =853 cm™ V;=76.9 cm™ V;=92.5 cm™
V,=-=21.4cm?* V,=-235cm” V,=-2.8 cm™ V,=-23.9 cm™
expt calc  expt calc expt calc expt calc
0a, | © 0 0 0 0 0o 0 0
le | .~12 1.7 1.5 1.6 1.35
2e 395 39.5 40.6 40.6 413 41.6 42.8 42.8
3a, | 52 52.1 524 56.9 | 53.7
3a, | 74.6 74..'4 76.6- 76.6 70.6 76.6 79.9 79.9
Je 94.4 100.7 102.2 99.9 104.7
s5e |156 1471 148.5 146.5 : 150.8
6a, | 203 205 - 206.4 204 208.7

The 3a, level is forbidden in first order but can obtain allowed character through the

internal-overall rotation interaction. From the discussion above concerning the broadening

of E levels, there is an internal-overall rotation interaction taking place.. Using the VNCOS
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" and INROT progfams, the ba,“~3ag' transition is calculated to be-at,+l52,cm'1, although
calculated intensity is. 10% of the origins intensitj There is a very weékz rep'roducible
transition at this frequency. | |

Several transitions 1400 ¢cm™" above the 'L, origiﬁ are possible mémberé. ofa 'L,
torsional prog‘,réssion/. Attempts to calculate a bérrier from the observed .frequeﬁcies gave
" calculated frequencies 2-8 cm™ fro.m thg observed. This is compa'reci to £0.5 crn.'1
diﬁ‘erences for the torsioﬁal progressions of the 'L, origin. Even though we are unsuccessful
in fitting a torsional barrier for the II;a state, these transi‘tio‘ns canno;c be ruled out as being_

torsional levels as the high density of nearby 'L, states may be p.erturbing the 'L, levels.

As mentioned in chapter four, the members.of the torsional progression have satellite

péaks that have been identified as SMI complexes with helium. See Figure 15 for an -'

expanded view of the origin progression with the correspondirig He complexes. Tie lines are
. . . ’ : i
used to illustrate the SMI + He complexes torsional progressions. Under the different

expansion conditions used in identifying these transitions, the intensities of the members of
~

each pro’gréssidn labeled as a He complex scaled ‘with one another, aiding in their

identification. The second helium complex has an additional shift in.frequency. The torsional

progressions can be fit for both the SMI + 1He and 5MI + 2He complexes, and these fits are
shown in Table 4.

The Bayriers for the helium complexes are similar to those of the-bare molecule, but

the differences can give us information concerning the site where the helium attaches to .

indole. The torsional progression and calculated barrier for 5MI +1He are very similar to that'

of the bare molecule. The barrier for the SMI +2He has- different torsional frequéncies,' with
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thé 3a, red-shifting 1n frequency. The barrier.for the 2He complex has a similar V; b;ﬁiér
.height, howevef the width of the well has changed signiﬁcantly, with V; changing f"roni -25
cm™to-2.8 cm™ The dec'reasé in tbe width of the well also means less tunneling interéction.
The small pe'rtﬁrbation caused by the first He may .indicate that it attaches té fhe five
membered ring, relatively distant. from the rﬁethyl. The change_ in barrier for the 2He complex
‘means thgt the second He is significantly increasing the perturbation experienced by the CH,,
and thus the He. 1s attachiﬁg at a site- cioser to the CH,, likely the six-meﬁbered ring.

Another. complex observed in thése exI;erimen'ts is that of SMI with water.
(See the bottom trace of Figure“l‘S,.) Its prpgres'si'én lies ~150 cm™ to the red of the b;1re
rpoléculé origin and its assignment as the SMI + 1H,0 complex is supported by work on qther

indole complexes.**

Because this spectrlim was obtained only with water due
to atmospheric cohtaminat‘ion? the signal to n.oise‘ratic') is fairly low.. The £otor progression’
is' similar to the other complexes; but the levels have increased in frequency relative to tl;e‘- :
bare molecule, indicative of a higher b.arriér. "The barrier héight has increased to 92.5 cm™,
 similar in ﬁlagmmde to how much the barrier vd’edlcreased for the 2He complex. Wide potential
wells also give a la‘rge V, value. The water molecule has a permanent dipole, th’erefore it
should cause a larger electronic pertgrbat'ion than the addition of two helium. The ~150 cm™
red-shift.of the;, SMI +H,0 comialex is evidence of this increased perturbation, compa_red to
thé 22cm! blue ;hift of 5MI + 2He. The pertilrbation in the local .eleciron density where

.the H,O complexes should also be larger than the pefturbation created by the 2He complex.

Since the perturbation on the methyl rotor is similar between the water and 2He complex, the
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water likely is attaching to the five-membered ring. The nitrogen acts as a hydrogen bonding

site, and therefore we would expect the water to ‘compilex there.
There is one other area to be discussed in terms of electronic effects on the methyl
~ rotor in SMI, and this is how an 109 cm™ out of plane skeletal mode affects its torsional
progression. The low-frequency region of SMI shown in Figure 14 shows a weak progression
beginning at 109 cm™* that is missing the 3a, transition, and also has reduéed'intensity in the
first member. Transitions belonging to this p_rogression appear at 109, 148 and 203 cm ™,
identified as ithe Ie, 2e, and 4e members of '.[he torsional prégression‘. Intensities are correct
for the £ levels,lhowever this does not explain the absence of the 4 ! levels. Using t_he Gg
molecular symmetry group as discussed in chapter two. and the symmetry of the out of plane‘
modes, the cause of the missing 4; levels can be explained. Out of p.lane modes are
pondegenerafe and are non-totally symmetric, so they are of 4, symmetry in G,. This means
 that for molecules containing £ torsional levels, the torsioﬁal ® vibrational symmetry will})e
E® A, = E and the transition is symmetry allowed. Even though it is symmetry allowed, it -
-most likely will be extremely weak. For molecules with 4 levels, only the Oa, level has
significant populatio.n in the jet and the symmetry of an out of plane vibréti-onal level will be -
A, ® A, = A, and will be forbidden.  This would explain the observation of a weak
progression of E levels only for an -out of pl'c.me mode. There is a possibility that the 3a, level
could have intensit;y, but as obseﬁed from the origin progression, it is extremely low and is

unébserved in this out of plane torsional progréssion. |
There is one other low freqﬁen_cy vibration at + 135 cm™ that cannot be fit uéing any

of the above assignments. The transitions appears in combination with many of the skeletal
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modes but cannot be accounted for in the origin proéression. In p-methyl-trans-stilbene!*
thereis a éhni‘lar frequency transition assigned as the combinatidn band 3a, + 37;. | This 135
cm™! band in SMI could be a combinatior; ba'n‘d involving 3a, and a vibration that directly
| affects the methyl potential and brelks the planar symmetry of the molecule in the vicinity of
the CH, group. Skeletal mo.d-es which fit this description are the out of plane methyl Wag or
puckering of the five membered ring. Since the 3a, frequency in SMI is 52 cm:, the 4,
vibrational mode required to make the comBination band allowed would havc;, a frequency of

~83 cm™t.

: 3;methy1indole
The assignments for the methyl rotor progression in 3-r_nethyl.indole44 (3MI) are more
difficult to make as the spectrum does not contain an intense torsional progression.
This indicates that the methyl does not change conformation upon excitation. The onigin-of
the 3-methylindole spectrum has been assigned to the 'L, electronic state, however there are '
several low fr‘equency transitions.that do not show clear 'L, or 'L, charact‘er based on 2hv
data.

- It has been possible to fit a barrier fc')r the internal rotation of the metﬁyl group based
on a compériéon of the excitation spectra of protonated and deuterated 3MI. See the
comparison of the lower ‘frequency regions of 3MI and 3MI-CD;.in Figure 16. Note thaf thé
the origin is intentionally saturated in order to obtain good S/N and .thg proper intensities for -
tﬁe weaker transitions. The barrier.s_have Been fit for S, and 'L, states, and the 'L, barrier

can be estimated from observed splittings of transitions with 'L, character.
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The spectirm of deutefated 3MI correlates well with the spectrum of the protonated
molecule, however there are two trénsitic;ns at 188 angi 197 cm™ in tﬁe protonated spectra
'that.correspond with only one ‘Efansition at 146 ém'l in the deuterated épectrum. The 25%

change in frequency is indicative that the vibrational level would be exclusively motion of the

. methyl hydrogens. Figure 17 shows how the methyl transitions in the CH, spectrum can be

compared to those in the CD, spectrum based upon putting the spectrum on a plot of excited
state combination differences (freqilenpies in the excitation spectrum) as a function of 'the‘pure

V, barriér height. From these plots, the 188 cm™ transition in 3MI can be assigned as 3a,

while the 197 cm™ transition can be assignéd as the 4e. The only way to have the 3a, and fe

torsional levels separated by 9'cm™ is to have a V5 barrier of ~300 cm™.  The internal

totational constant for CD; changes from CHs, and the same 300 cm™ barrier in CD; would

. cause the 3a; and He lei/els to coalesce into a single peak at 146 cm™* because of the reduced

tunneling interaction. The calculated fits and experimental results are shown in Tabie 5. The
barrier for internal rotation in 'L, is V,=307.6 cm™, V’; =-109cm™, and B=5.30cm™.
The ground state barrier for 3MI can be inferred from the origin not being split. The.

origin has a 0a,-/e splitting that is not observable with our resolution, and does not show a

sharb %Q branch in the linearly polarized 2hv contour. The Levy group™ has placed a value

of 0.0304 cm™ on the 0a,-Ie splitting based on hfgh—resolution experiments. We used Levy's

"0a,-1e frequency of the splitting and our observed intensities of the 3a, and Je levels to

predict the ground. state barrier. There are two barriers at 258 cm™! and 443 cm! which

predict a 0:0304 cm™ Oa,-le splitting.. Since Levy's group did not state whether the /e or
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0Oa, is higher in energy, both barriers must be examined. The bérriér at 257.8 cm™! predicts
intensities for the 3a, and 4e £ransitions'that are significantly lower than those obtained
exp‘en'mentally.. The higfler barrier of 458 cm! fits the experimental intensities better. The
calculated intensities also _bredict that the /e - Ze, Ie - Se a‘nd Oa, - 6a, transitions would

~ have intensities 1000, 30 and 10 times weaker than the 3a, and 4e transitions. Since the 3a,

and Je transitions only have 0.8% of the origin's intensity, it would be expected that these

other transitions would be unobserved. Since there is no conformational change upon
+ excitation, the intensity observed in the 3, and e transitions has to be generated by the
" barrier difference, which indicates that the 450 cm™ barrier is the correct value for S,

" Table 5: Calculated frequencies.and intensities for the 'L, of 3-methylindole using two
different ground-state barriers. (V;=307.6 cm™, V'¢&=-10.9 cm “and B'= 5.30

cm™) » _ ; ' 4
' V', = 257.8 cm’? V', .=4432om? a
transition ~ frequency intensity frequency intensity
0a,” - 0a, 0 © combined 0 combined
le” - le” 20,0304 100, . 00304 - 100
le” -2’ . 1031 68x10° 1031 ©19x10%
0a,” - 3a, 188.1 0025 188.1 0.33
le” - 4e’ 1963 0021 196.4 0.33
le”-5e’ 256.9 5% 10° 256.9 0.011

«

We also have an indication of how the 'L, electronic state affects the barrier to internal
rotation. In Figure 16, thereis a comparison of the one- and two- photon contours of an 'L,

~ and an 'L, transitions. Note that the 'L, transition has a resolvable 0a,-/e splitting in the
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two-phofon contour. This is not observed in the 'L, :transitiéns. Upon deﬁterating the
_methgll, the 'L, transitions coalesce into one obs\eizrved peak. - This splittin:g can thus be used
aé a diagnosti.c'of the electronic chafa}cter of the state, however it may not be completely -
réliable because of the potential overlap of 'L, and 'L, states.

The splitting of ~1 cm™ is indicative of a..barrier of ~100 cm™ for 'L;. Since the 'L,
doublets are obséwed having néa;ly equal intensity, there is no change in methyl confor.mati~on
- in the grounq aﬁd 'L, states. The blue transition in the doublet is.slightly broader in the 2hv

linearly polarized contoﬁrs due to the internal-overall rotation interaction, thus we assigﬁ this
as the /e transition. Since the barrier is several times higher in 3MI, there is less tunneling
between the wells and less internal-overall rotation interactions. The implication of having
the Je higher in energy than the 0a;, in the excitation spectrum is that the barrier is smaller in
the excited state than the ground state because the splittiﬁg is invers.ely related to the barrier
height. }
Comp'arison of the barriers obtained for the ground, 'L, and 'L, states for 3MI and
51\/11 yields several conclusions. The.lLbistate of SMI has a barrier of approximé.tely 80 cm™.
Sinﬂiar barriers are obtained for asymmetrical aromatic rings where direct étefic interaction
with a substituent does not occur. The barrier is also very similar to the excited state barriers
calculated for the stilbene analogues discuésed' in the following chapters. 3MI has relatively
| high barriers in the ground and 'L, electronic states. This is typical of a methyl' group
adjacent to a © electron con’gaining functional group in an aliphatié system. This larger
barrier is due to the asymmetry of the 7 system, explained in 3MI oWing to the presence of

a double bond on one side of the 3 position, é.long with a nitrogen in the five-membered




57
ring.*’ Further comparisons of the electronic effects on the barrier to-internal rotation will be -

discussed in the conclusion chapter.
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¢ CHAPTER SIX
EXPERIMENTAL RESULTS: STILBENES

The stilbene molecule and its derivatives have received significant attention over the
past several 'decadgs as a ‘prot’otypical model for the study of reaction dynamics in the
condensed phase. Stilbenes undergo cis/tr_aﬁs photoisomerization, and the dynamical pathway
has been a point of contention for many years.**8 A revie\;s.{ of the current understanding of
tﬁe photoisomerization of stilbenes has been written Waldec’k..13 Stilbene 1s also an important

. molecule in organic synthesis, and is the structure of many laser dyes.® The feature of

interest relevant to this study of electronic effects on the barrier to methyl internal rotation

is the extent of the stilbene 7 system. Most of the previous work on electronic effects has

been on single ring systems” !

, while stilbene is an extended conjugated system with two
phenyl rings connected by an ethylenic bond. If delocalized, the 7 electronic systefn should
allow substituents on opé pﬁenyl n'ﬁg to affect the 7t electron density on the other phenyl ring,
~ which can then be rﬂeasured by Chaﬁge;c, caused in the barrier to ﬁlethyl r;)tatio'.n. Substitution
on ‘;he ring'opposite'a the methyl group should inﬂuence methyl barriers‘primafily through
electronic effects, and steric interactions should be negligible.

In this study we focus on the trans isomer of stilbene which has a strong absorption

coefficient and fluoresces strongly. This is in contrast to the fluorescence spectrum of cis-
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stilbene, which.is broad and featureless even in a jet.* The two isomers absorb in different
frequency regions, thus small impurities of the cis-isomer should not interfere with the trans-

stilbene spectrum. " The jet-cold fluorescence excitation spectrum of trans-stilbene has been

analyzed by Zwier®! et.al. and Ito."’_2 Trans-stilbene has been determined to be planar in both . '
its ground and singlet excited states. The assignmént of a planar stilbene is based on the one

quantum forbidden nature of vibrations involving the out-of-plane motions of the phenyl

rings with respéct to the ethylénic. plane in the 'isolated.moleculé and the éymmetry of those
vibrations. The planarity of trans—sfilbene has been confirmed by Pratt's group using high-
resolution rotational studies.® | |

There afe 78 -noxmal modes in trans-stilbene. ’_I‘hrée low-frequency modes can be used
to identify all trénsitiong in the first 200 cm™ of the ﬂuéreséence spectrum.' ..The two lowest
frequency modes-are of A, ‘sym‘m'etr‘y. These m'c;des are v, whiéh is the ethylenic carblo.n
‘ (Ce)-phenyl out-of-plane bend, and v,,, the C-phenyl torsion. See 'Fiéure 18 fof a«descriétion
of the rﬁodes. Because they are both out-of-plane modes of A, (or A” in C,) symmetry, they
require two quanta to be allowed. Another Iow—frequeﬁcy mode that is 2 dominant feature

in all of the stilbene analogues is v,; which has A, symmetry and is the C_-C,-phenyl in-plane

bend. A new skeletal mode assignment for the stilbenes is v, which also has A, symmetry

and has been predicted by Warshel to occur ‘gt =300 cm™.” This vibration is a Ce-C;C beﬁding
fnotion. -All mode nﬁmbe;rs are from Warshgl's Q‘CFF—pi caiculations..G4 N

Spectral evidence sugéest that ‘th.e para-substituted stilbenes'ir;vestigated here also
retain planarity in both the ground and excited state. Table 6 shows the correlation between

‘the Cy, mbdes for trans-stilbene with those of C, symmetry for para substituted stilbenes. As
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will be further discussed in chapter seven, the meta-substituted trans-stilbenes appear to also

retain their planarity in both S, and SI'.

. This section preserits the spectra obtained for six substituted stilbenes, three of which -

have two. observed ‘conforrrierslwhich will also be discuss_ed. The substituepts were éhosen.
beéaﬁse of their ‘electron doﬁating or electfon withdrawing pro_pex‘cie\s. Their .inﬂuence on the
methyl gI'O'l’.lp is determined by changes in.tﬁe barrier to internal rotation relative to p-methyl-
trans-stilbene. The experimental data includes the 1hv _ﬂuorésceﬁce excitation spectrum for
each molecule, along v;/itﬁ 2hv data and dispersed fluorescence ‘spectra acquired to 'supbqn

the assignments of vibrational, electronic, and torsional transitions.

Table 6: The symmetry correlation between C,; and C..

molecular  point group

.C

q

A/I

-normal mode : C,

=

v36 (C,.-Ph oop bend) A,
v37 (C,-Ph oop twist) : A, C A
v25 (C,-C,-Ph in-plane bend) A, A’

Experimental Results .

p-methyl-trans-stilbene

The 1lhv fluorescence expitatfon spectrum of p-methyl-trans-stilbene is shown in -

Figure 19. Inthis spectrum the dye laser was scanned at a rate of 0.10 cm™/sec, with -pointé
. digitized and stored every 0.15 cm™". The S, origin has an absolute frequency of 31,741.0

cm™’. The origin appears as-a doublet owing to the 0a, and /e torsional transitions discussed
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in Chapter two. Here the /e has a frequency -4.2 cm™ less than the 0a,. All transitions will

be reported relative in frequency to the 0a; transition. The methyl rotor torsional frequencies

and some skeletal vibrational frequencies for S, are given in Table 7. The assignment of 362

is not shown in the table and will be discussed in chapter seven. This molecule was

previously studied by Spangler and Zwier', but reexamined here because of its importance

relative to the other stilbenes investigated. 2hv spectra were also taken for several transitions

to see if more information could be ascertained.

Table 7: Torsional frequencies for p-methyl-trans-stilbene.

00 372 25!
0a, | Ocm® +89.7cm™  183.0 cm™
le 42 42 .45
2e 64.2 64.5 68.1
3a, 74.5 ‘

3a, | 109.8 108.9 114.0
4e

128.7

The barrier for S, as calculated from the transition frequencies is V, =150 cm™. The

internal rotation constant used is B’ =B” = 5.3 cm™!. Adding a V, term does not improve

the fit. The barrier for S, was found to be ~28 cm™. Every stilbene analogue in this study

has a barrier in the ground state of less than 30 cm™, and the implications of this will be

discussed in Chapter seven.
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‘Careful backing pressure s"cudies were performed to allow.the identification of hot
bands. Figuré 20 shoWs a comparison of the first 200 cm’! taken at "warm" (1.5 barru He) and
- "cold" (4 barr He) expansion conditions. ' The bandwidths increase at lower Eacking pressure
due to an increése in the rotgtional temperature of fhé ground state. A doublet appears-with
a Oa, frequency of 35.1 cm™ above the origin, which has two possible assignments, 37}
or 36; The transitions gain significant intensity in the warmer spectrum, thl.'lS identifying them
as a ﬁot ba-nd. The low frequency of 35.1 crr'l"1 would iqdicate theée transitions as the hot
band 37! with the other members of the torsional progression also being observed. Zwier
and LHS also assigned an overlapping ’gransition as 36;, but we have tentatively reassigned
this vibrafion as:wi‘ll Be ;ﬁscu-ssed in the next chapter.

As mentioned ’abo;e: 2hv scans were also acqﬁired for most of the transitions with
significant intensity. It'was ;hope'd .that more information could be extracted from the 2hv~
contours, as was possible in the methylindole studies (chapte;S). Since p-methyl—tranls-
stilbene and the other methylindoles havé C, point group symmetry, and are near prolate tops
as calculated using AMPAC in an AM1 calculation (x= -O'.l99029 for p-methyl-trans-
_ stilbene),' if was expected that there-could be similarities in the _2hv' coptours. Figufe 21
shows the linearly polariied 2hv contours of the /e-0a, fransitions, with the 1hv contours
shown on thel bottom trace for _comparison purposes. "The'Zhv' data was acquired with a point
digitized e{/ery 0.03 -‘cm'l, and the spectrum shown is an avérage of 20 scané. The 1hv trace
was taken with a point evéry 0.3 ¢ém™. The Je contour does have a shoulder to the red, but
no str'ong ‘Q -br'anch. Most of the other ‘v‘ibratic.)ns and'torsional featgres in this molecule were.

-

examined using 2hv linearly polarized scans, but 1o new information could be ektracte_d.
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D-methoxv-trans-stifbene

The methoxy group is a gtrong elec‘:trori'c‘ionor which makes it a good candidate for
investigating the effect of substituents; on a methyl rotor in an extended 7. system. Since
no stiilbenes witﬁ méthoxy substitution have been previously studied, p-methoxy-trans-stilbene
was investigated tc:> understand the methoxy-stilbene vibrational structure before examining
methyl rotor éffects in p'-methoxy-p-methyl-trans-stilbene. Two electronic origins for p-
methoxy-trans-stilbene are obsérved and are labeled as the A and B 0 in Figure 22. Since

trans-stilbene and p-methyl-trans-‘sﬁlbene each have only one observc;d electronic 6rigin, the
two electrbr}ié origins are ‘1ike1y due to the conformations of thé’ methoxy group. The
spectrum was takén with a digitizéd po'int every 0.3 cm™, and is an average of.th_ree scans. .
Note that the B origin appears 278 cm™' above the A origin, with the absolute frequency of
the A origin belng 30,744.0 co’ ﬂ:lO cm. There are several ple;:es of 1nformat10n which
indicate that the +278 cm™ transﬁtion is another drigin instead of being a +278 c’:ril'1
_vibrational level. Thé first indication that we are dealing with more than one electronic origin
is the greatly increa.sea congestion in the spectrum compared to p-methsfl-trans-stilbene. We
would not ex_pecf replacing the methyl group' with a methoxy to cause such an' increase in
vibrational structure for such 2 small change in the mélecular Stfucture. ’The transition at
+278 cm'.l does not behave like any identified vibrations of traqg-stilbene, and a v ,s frequency
much different than that of the first origiﬁ can bé built from it. When ‘.£h1'5 +278 c‘:m"1 transition
isl identified as another el_ecfronic origin, the overall simiiarity of the spectra 6f the: twp-
confo.rrners is readily apparent.as seen in Flgure 23! HoWevef there are notable and

measurable differences. The frequency of 251 is the most 1mportant of these differences as




HJ"

1
HJ
LD
o ww % #.90.. %%
5AA @AA) JAA LAA 8AA

%W1#S HHK  )$ ); 1.4 '$%2% 28 $2206(1(% *-$2(#+ /-"+$() 2 "(1 **(%. $ $



#1$ #1

1 5 ¢ 7 1 /1)

WIHS H@ * 2 /'+$ *$2(1 /' -"+20) 2 "(1 *"*(%. $ $



70

Vv, appears in combination with.nearly every other vibration. The frequency for 25, for the
A conformer is 171.4 cm™. It increases to 179.5 cm‘l1 for the B conformer. Nearly every
transition can be assigned to known ﬁndamehtals, dvertones, and combinations for each
conformer. ’ |

The other low-frequency vibrations also shift sllightly in frequency between the:
conformers.  Their assignments are confirmed ﬁsing dispersed fluorescence as will be
discussed later. 37* changes from 9.1.5 cm™ for the A conformer to 85.2 cm™! fo.r' the B
conformer. 36 increases from 55.4 cm™ for A to 66.0 cm™ for B. Since vy and v, are of
the same symmetry and are not totally symmetric, the combination band 36'37" is allowed and
- is observed at A+73.8 cm'l. The B 36'37" cannot be allssigned ‘.due to coﬁgestion. P-
methoxy-trans;still')ene shows a strong tendeﬁcy to form helium complexes, therefore the
spectrum was taken at low helium backing pressure to discriminate against He complexes.
Because of ;Lhe 'warmer condifions, several hotbands are present, including 37} at 37.8 cm
37% at 129.8 cm™ and the combination of 37‘1.2510 at 209.2 cm™* for the A conformer. Once
again, no- hot bands are assigned for the B cogformer due to spectral congestion. The
assignments for the main vibrational features are shown in Table 8.

One of the rﬁost prominent features in the spectrum of p-methoxy-trars-stilbene is the
absence of any methyl rotor transitions. Since the methoxy group doeé contain a CH; group,
" it is possible that it could contribute torsional features to the spectrum. The spectrum
indicates that there is no conformation change for the methyl group upon excitation, and thus
only the origin has signiﬁcant intensity. Thére is élso the possibility of a torsion of the entire

methoxy group® which might explain the unidentified transitions at +67 cm™ above each
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conformer origin. Work is continuing on the identification of this transition, -and it will be
- discussed further in chapter 7. . Current spectroscopic.examinations of p-hydroxy-trans-

stilbene also shows a transition at +67 cm’’, possibly ruling out methoxytorsion.

Table 8: The thajor vibrational frequencies for the S, states of p-methoxy-trans-stilbene.

assignment ‘| A Conformer | B conformer
36 | S54cm™ 60.0ecm™ .
372 .o9Ls 85.2 -
36'37, | 738
X 670 583, 67.2
25} _ 171.4 1795 -«
374 - 1839 171.0
24y 245.8 2118
25! 37% . 2628 261.7,267.1° |
252 344.0 358.9 *
25124, | 4193 391.5 -
253 5164 . 539.9

a. The assignment for B-25' 377 involves'a F ermi Resonance, as is discussed in Ch. 7.

Figure 24 shows the dispersed fluorescence from fche Aand B origiﬁs. By exciting the_‘
0, several identifyihgﬁfeatﬁres between the c‘onformers become apparent. Note th‘at in tﬁé
spectra presented, the laser resonance frequency has not been corrected for scattered- light.
The transitions at A+20.6 cm™ and B+23.5 cm™ are identiﬁed as 372 for each conformgr: '
In p-methyl-tréns-stilbene the frequency for the .ﬁ,lndlament_al': of V5, in the gfound state 18

found to be extremely low (=9 cm™)'* thus this assignment is likely correct. Examination of

the dispersed fluorescence spectra from 373 for both. conformers supports. this ‘assignmenf, '

¢
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showi.ng a strong progr@;sion in v,, as seen in f‘igure 25. The rﬂoét intense feature in both
of the spectra is 25°,, having a frequency of 1'77.5 cm! for A and 193 c‘m'1 for B. The most
stn'kiﬁg distinction betweep the conformers is the appearance of a transition at A+258 cr'n“»l:
This is an intense Vibration, and appears in combination wi.t'hfvzs. As will be discusseci.later;

this is tentativlely assigned as v,,. |
P-rﬂethoxy—trans—stilbene's vapor pressure is such. that mo'st transitions with an
' intensi& of =5% of the origin's intensity could be examined via dispersed ﬂuoréscenéé. Since
this molecule is commercially a\./a'ilable, longer optimizati;j'n' periodg were possible for
alignment and in achieving optimai sampling condit.ions, a luxqry not available for other
stilbenes that had to be synthesized and were available in limitéd quantitieg. This aiso‘
- permitted longer data acquisition - times énabling' the study of Weak transitions. - T\he
congestion in the spectrum caused by the c_onformérs along with many low frequg:ncy
transitions made 'dispersed fluorescence a necessary ﬁethod n eﬂlssigning‘ transitions. With
many of the weaker traﬁsitions the ent;ande_ slit had to be widened, sometimes up to 4OO|;L to
allow enough emissio:n through to.obtain accepfable S/N . Examination of the Frar_xck—Condon

factors is also an indication of the assignment of the transition. For example, in Figure 25,

when 25%; is excited and its emission dispersed, there is no transition at +178 cm™, the -

\exbeéted frequency for 25,. The Franck-Condon factors do not have sufficient overlap to

show intehsity.' "The vibrations of 25, and 25, have strong intensity. Assignments of the

ground and excited states were verified using the observed intensities and the frequency

differences, which are dependent on the transition being excited.

]
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There are several issues concerning this molecule that will be discussed in Chapter 7.

These include the possibility of methoxy torsion, the conformation of the methdxy group for

the two observed conformers, and a Fermi resonance.

p'-methoxy-p-methyl-trans-stilbene
P'-methoxy-p-methyl-trans-stilbene is a logical candidate for examination of how the
electron donating capabilities of a substituent can affect the barrier to internal rotation of a

methyl group over a conjugated © system. The lhv FE spectrum, see Figure 26; is very

similar to the p-methoxy-trans-stilbene spectrum discussed above in terms of the electronic

and skeletal vibrational structure. The spectrum is very congested not only to the presence .

of the two conformers, but also to the methyl rotor structure built upon the two conformers
_and appearing in combination ‘with the skeletal modes. The absolute frequency of the A—Qg-
Oa, has decreased to 30,517.4 cm™" upon methyl substitution, and the B .origin is now +266
cm’! above the A origin:‘ |

For comparison pﬁrposes, the B origin is alignéd underneath the A origin n Figﬁre
27. Thelower trace c'ontains.many tranéitiéns assigned to the A cohformer, complicating the

- assignments for the B conformer. Even though the only difference between the two origins

is. the conformation of the methoxy group, there are obvious frequency differences in the:

inethyl torsional transitions between the conformers..
The splitting between the /e-0a; transitions for the A conformer is -3.2 cm™, and

increases to -3.8 cm™ for the B conformer, indicative of a change in the barrier to internal

rotation as caused by the variations in the electron density induced by the conformation of the

P
)
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methoxy group ten cérbons away. For the A confonﬁer, the 2e is assigned at +46.7 cm’™!, and
© the 3a, is assigned at +76.8 cm™. The 4e and higher torsional transitions are uﬁassigned due
to their low intensity and spectral congestién. Due to the strong overlap in the \spectra of the
two conformers, it is difficult to make assignments for the B conformer with high confidence
solely from the FE spectrun.l. For this reason, the assignments for the B conformer are
largely based on information obtained from dispersed ﬂuoreécence. The 2e has increased in
frequency to 48.8 cm™, and the 3a, to 84.3 cm™" compared to the A conformer for S,. .

Tﬁe assignment of the torsional t;ansitions was verified using dispersed fluorescence
(DF). The A conformer generally has weaker transitions and higher Franck-Condon activity
making it difficult to obtain DF spectra with good S/N. T hereforg the entrance slit had to
be widened to 200 p for the.spectra, compared-to 100-150 p for the B conformer.

Several ‘diépersed' emission spectra from .exciting the A-0g torsional levels are shown
* in Figure 28; including the 0a,, Ie, 2e, and 3a, levels. Symmetry based selection rules stahlte
that the eﬁission from an g, level must go to another a, level, and e to e levels. Exciting the
0a, transition gives a transition at 54 cm™', which is assigned as the 3a, in the ground state.
This frequency is also observed in the emission following excitation of the 3a, level of S;. A
transition at 19 o™ is likely 37°%. Excitat’ion' of the /e for S, gives a tfansition at 21 cm™, the
-2e for S,. The assignment of the 2e transitipn is more probiematic, as the DF was very weak. .
There are two transitions in tﬁe FE sbectrum for the A conformer that could be the 2e; one

Y

at 38.0 cm™ and the other at 46.7 cm™.
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Based on the fact tha.t we knqﬁv the barrier is increasing between the ‘conformers due
to the Oa,-1 e.and 3a, frequencies and cOmpaﬁson of the observed vs. calculated .intensi'ties,
we assign the +46.7 cm™' transition as.the 2e. Assignment. of the 2e at 38.0 cm™" does not
give a calculated barrier that ‘ﬁts the frequencies of other torsional transitions and observed
" intensities well. P-methyl—t‘rans-stilbené also has an ungssigned tr_aﬁsition at +38.0 cm™,, and
the assignrflent of this analogous transition will be dis_c:ussg:d; later. Frequencies for the.
. torsional features are also confirmed By examining the DF from 25;.

The sa'lme teéhniques are i;sed to assigfi the torsional features for the B co.nformer.
Thé Fra.nck—Cqﬁdon factors for the B conformer are lower than those of the A cdnformer, and
there may be an inc£eased pdpulation for the B cbnformer. The DE spectrurﬁ of the B’
conformer origin indicates less vibrational activity than fqr the A coﬁformér origin. Once
again, the methyl barrier for S;, is low, as inaichted by the lovs‘/ frequency torsional featurés as

:

seen in the DF in Figure 29. Emission from the B origin-0a, gives a transition at 52 cm™,
the 3a, in S,. This isﬁveriﬁed by the emission from the B-3a ;» which has a S, frequency fc-)r
~3a, of 56 cm!, agreement within the resolution of the acquisition sys:[em. Excitation of the
le g1ves a strong transition -at 22 cm’, the assignment of 2e for S,. -This is confirmed by

dispersing the emission from the +48.8 cm™ transition, which has a comparable spectrum.

The iﬁtensi’ties for 4e and higher quanta transitions are.weak, and they could not be assigned:
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Assignment of the low-frequency vibrational modes has provén to be more difficult.
See ’fable 9 for assignment of most features. Substitution on both endsl of the stilbene system
may haye changed some of the symmetry relationships, however, most of the vibrations Lare
assigned and compare well to other stilbene derivatives based on a planar C, éymmgztry. Once
again the most prominent vibration is'vzs. As identified in the FE and DE spectra, the A
conformer has 25' at .158.7 cm'l,. and 25, at 165 cm™'. The v, frequency has increased for
both étates for the B conformer, 25! = 166.6 cm™ and 25, =174 e .The v,, vibration is
once again a distinguishiﬁg vibration. For tﬁe A conformer, v,, has a frequency in S, of 230.4
cm’’, and a frequency in S; 0f 247 cm™'. The B conformer has a v, ﬁeduency in S, of 203.5
cm’!, and in S, 0f 216 cm™.

Assignment of 36} is tentative dpe to the gbsehce of DE for this vibration. There is ‘
a transition at A+59.4 cm™! that has the expected /e-0a, splitting, and this transition has a -
similar frequency to assigned v, frequencies in other stilbenes. For thé B conforrﬁer 36(;) is
tentatively assigned at B+51.9 cm™

| Assignment of 37; is also t.entative, as is the case for other para'-para-substituted

stilbenes which will be diséussed later. There are several weak intensity-low frequency
transitions between 70 and 110 cm™" that remain unassigned. None have the expected Oa,-1e
splitting that would be indicative of a vibra’pi.onal mode, and higher torsional structure cannot
be identified. The transitions-are too weak to examine by DE using the current expeﬂmenfal
methods. A transition at A + '89.4_ cm’! is tentatively assigned as A-372, based upon the
frequencies of v, observed for other substituted stilbenes:. I‘he spectrum is too congested

to assign 37, with any confidence for the B conformer.
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The barrier to internal rotation has been fit for both conformers for S, and S,. See

~ Table 10 for a comparison of the experimental and calculated frequencies and intensities. The

barriers for the A confdrmgr are Vi;=17+2 cm™ and V; =918 + 1 cm™. The barriers for

‘the B conformer are V'; = 15 £2 cm™ and V; = 103.4 £ 1 cm™.  An internal rotation

constant of B = 5.30 cm™ was used for both electronic states. The intensity distribution for
both conformers fits best with a 60° conformational change for CH, upon excitation. Issues
regarding the barriers, vibrational assignments and conformers will be discussed further in
Chapter 7.

Table 9: “The torsional and vibrational frequencies for S, and S, of the A and B

conformers of p'-methoxy-p-methyl-trans-stilbene. The ground state frequencies .
are expressed as combination differences. '

assignment | A-S, A-S, B-S, B-S,
0a, | Ocm™ 0 cr.n‘I. 0cm™ | 0em
le | - 32 : -3.8 ’
2e 21 467 | 22 | 4838
3a, 54 76.8 52 | 843
X 380 | 37 | 386

Ve V= | 594 | | s19-
v, v=1 1542 | 1 169
v,e v=1 165 | 1587 | 174. | 1666
v,,v=l | 247 | 2304 | 225 2035
Vo, V=2 335 |- 318 357 | 334
Vst Vg EVITE 399 |7 636
Vs, V= 499 476 526 | 767
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Table 10: The experimental and calculatéd frequencies and intensities for the A and B
conformers in S, for p —methoxy—p methyl-trans-stilbene.

torsional experimental calculated - eXperimental calculated

level frequency - | frequency intensity intensity .
Ala, 0 0 0.3082 0.342
A-le 3.2 3.6 0.2169 0.207
A-2e 499 43.1 0.1749 0.234
A-3a, 76.8 78.4 0.1961 " 0.159
A-Fe 107.6 102 0.1039 0.057
B-0a, 0 0. 0.3384 0.3588
B-Je 3.8 4.0 0.186 0.2265
B-Ze 48.8 472 0.2630 0.2356

__B-3a, 84 3 845 02126 0179

p'-chloro-p—methvl-tréns-stilbene

- The halogens are the next class of substituents to be examined for the stilbenes. The

1

halogens are exceptions to the general tules of substituents for aromatic compounds.®®

Halogens are strongly electrdnegatiile, withdrawing electron density from the carbon atom

through the sigma bond. At the same time the nonbonding.electrons on the halogené donate

electron density through pi bonding. The carbon-halogen bond is strongly 'polarized, with the

carbon atom being at the positive end of the dipole.

away from the benzene ring, making it less reactive toward electrophilic substitution: The
electron: density throughout the conjugated system should be affected, and the barrier to '

internal rotation of the methyl group will be'shown to be influenced by halogen substitution.-

This polarization draws electron density
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'l;h_e halogenated stilbenes includea in t'his stﬁdy are p'-clﬂoro-p-rﬁéthyl-trans-stilbene, p'-
chloro-m—methyl-trans-stilbéne, and p'-_fiubro-p-rﬁethyi-transastilben;a.
P'-chloro-p-methyl-trans-stilbene was a molgculé synthesized by several people®” in
‘the cﬁemistry department, and all 'work.was cofnpleted withl‘less than 500mg of saﬁple. The

1hv fluorescence excitation spectrum is shown in Figure 30. The absolute frequency of the

0a, transition of the origin is'3 1,2243 cm™. The spectrum shown had a péinf taken every 02"

cm’!, with a Backing pressure Qf 1.0:bar .helium. Heliﬁm co‘mplexes" are still observed at this
low pfessure and highér Backing pressures gave a spectrum extr:eﬁlely congested- with
multiple complexes. Evgn wi.th the. complex contrib;lti‘on .rqsiﬁced, the spectrum of this
molecule becomes congested by 200 cm.'1 due to combination bands. |

The sp_ectnim is very similar to p-methyl-trans-stilbene, but there is a shift in the

torsional features. The le-0a, splitting is -3.45 cm™. 2e is assigned at 50.1 cm™, and 3@,

K

at 85.1 cm™™. e is tentatively assigned at 106.8 cm™, a transition that has the characteristic

e broadening and is near the calculated 4e frequency. Higher members of the torsional

progression cannot be identified due to lack of intensity and spectral congestion.

The assignments of the torsional transitions are supported by DF. Due to stronger

fluorescence and i}npfoved alignment techniques for. the CCD and monochromator, the

origin's /e and 0a, DF spectra contain no significant scattered light due to the laser resonance, -

nearly all of the intensity is due to fluorescence. As shown in the top spectrum in Figure 31,

excitation of the Oa, transition gives the frequency of 34, for S; of 54 cm™. This is supported-

by excitation of the 3a, level which also gives a transition at 55 cm™. The transition observed
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in the 0a, spectrum at 22 cm’! is either due to excitation of the /e due to spectral overlap, or
' more likely, the frequency of 37, for S,. The assignment of v,, in both states ie still tentative
as it is not reaeﬂy identified in the exeitation sbectrum. If the 22 cm™ transition is indeed 372,
its low intensity is consistent with the lack of a strong 37; band in the excitation spectrum.

Excitetion of the 1 e yields the expected e progression in the ground state with a'
frequency of 21 cm™ for 2e in the ground state. Assignment of 2¢ in the excitation- spectrum
was initially tentative as the're are two transitions near the expected frequency of 2e, similar
to the low-t:requency regions in other stilbene analogues. These are at 39.8 em" anéi 50.1
cm™. Both transiti‘ons are broader than the assigned g, levels, characteristi'c of e"levels.
ﬁased on the intensities of fthe transitions and frequencies of the rest of the torsioﬂal structure,
the transition at 50.1 cm™ is assigned as the 2e. The dispersed ﬂuorescence is fairly weak,
but gives a peak at 21 cm™ for the 2e of S,

)

The 39.8 cm™ transition aippe,ars to be analogous to ~40 cm™ transitions present in
other metﬁylated stilbenes. There are several low frequency transitions tha’e remaiﬁ
unassigned that could be other membere ofane or_ﬂy progression of this vibration.

37.2 remains unassigned as discussed above, as does v3;. The 3a, transition has
shoulders that could be 375. Other' members of; their torsional progressioﬁs are unaccounted
for. The most promihent vibration is once again 25', with its 0a, at +159.9 cm™, and its le
at 156.6 cm™. The Franck-Condo_n: factors for v,; show intlen.sity out to three quanta in the
excited state.  The first 600 cm™ of the spectrum was acquired as after this point i’g is very

congested. In the ground state, as can be seen in Figufe 31, the frequency for 25, is 169 cm™,

25, is 345 cm™, and 25; is 514 cm™. If the progression in v, is harmonic it would be
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expected to be at 507 cm™. The excited staté for v, is slightly anharmonic as is the case for
several other stilbenes, however, we cannot be confident w.ith the degree of anharmonicity
in S, since the resolution is =6 cm™" and anharmoni;:ity typically lowers the frequency.

By analogy with the v,, frequencies in the other stilbenes,‘we assign the transitioﬁ at
222 cmtin S, as 24, for p'-Cl-p-Me-trans-stilbene. The torsionai progression can also be .
assigned for this skeletal mode. In the ground state, 24, has a frequency of 258 cm™.

Table 11: The experimental and calculated frequéncies/intensities for p'-chloro-p-methyl-
trans-stilbene. (V,=104.3 cm™, V=49 cm™!, 60° conformation change.)

assignment | experimental calculated | experimental | calculated
frequency frequency intensity intensity
0a; Ocm? 0 3241 2983
e 345 -3.46 1686 1555
2. | 501 49.4 2618 2656
3a, 85.0 84.8 1835 2405 .
4e. 106.8 ' 107.8 0619 0758 |
Se : 155

The barrier to internal rotation for the methyl group has been fit for both S, and S,.
‘The bar‘rier for S, is V'y =25.0 cm™ with no 'éontributién from V,. The internal rotation
constant is B” =B’ = 5.4 cm™, The first excited state fit is V3= 104.3 cm™! with a small
contribution of V=49 cm!. Based 6n the observed intensities in both states, it was found
that a 60° confor_mationai change occurs for the CH;. See Table 11 fc;r the experiﬁentd and

calculated frequencies and intensities of the methyl rotor transitions in the excited state. The
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~ fits for the ground state are not shown as they are very comparable to the ground states of

all of the other presented stilbene analogues.

p'-fluoro-p-methyl-trans-stilbene

The next compound examined is p'-fluoro-p-methyl-trans-stilbene. = Since fluorine is

the most electronegative element, there should be some effect felt by the rﬁethyl‘ group ten

carbons away. The similarity between the p'-chloro- and p'-fluoro-p-methyl-trans-stilbene is

stri.king, however, there are some subtle differenée;s brought upon by mass affects and/or

changes in the electron density. Seé Figure 32 for the 1hv fluorescence excitation spectrum

of p'-fluoro-p-methyl-trans-stilbene. The absolute frequency of the origin Oa, is 31,585.3 -
. ) L ‘

cm™l

The barrier to internal rotation for the methyi group has'been slightly altered upon the

substitution. of a fluoro group for the éhloro group. Inthe excitation spectrum, Fhe leis-3.6
cm’! from the 0a,. Thé 2eis a.ssigned at 49.4 cm™}, however, there ié once again the "X"
transition at 40.5 cm™. The 3, is now at 82.6 cm™l. The e level is assigned-at 106.3 cm™.
‘ The.re are severa'l' other unexpiained transitions in the first 150 cm™ of the spectrum.

The assignment of the torsional ‘levels‘of the excited state. is supporte.d‘ by the
‘disper.sed' ﬂuore'scenée from each transi'tion. The Oa, and e spectra contaiin nd. significant -
scattered light dw'ué~ to the léser. .Se;e Figure 33. Excitation of the 0a; and 3q; transitions yield
2 frequency of 54 cm™ for 3a,in S,. The ;7e is identified at 21 cm” ! Also included in the

figure is the DE from the X and 2e transitioﬁs. They are very similar in the fact that they

both appear to be of e character. The calculated intensitiés from exciting the 2e transitions
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and dispe;rsing the emission better match the spectrum from the 49.4 cm™ level, supporting ‘
the 2e .assignment. Calculatioﬁs were also performed using the X frequency as the 2e
transition in calculating the S'1 méthyl rotor.b'arrier; ho@ever, neither the frequencies or
intensities fit the data as well. ‘ |

The bgrri.er for the grour;d state of p'-fluoro-p-methyl-trans-stilbene is ce.llculated to
"b‘e 27.8 cm™'. This low barrier is very similar. to all of the other stilbene analogues ;-)resented. '
Thé barrier fér S, is' slightly lower than the one calculated for p'-chloro-p-methyl-trans-

stilbene, showilng that there is a slight effect upon changing the éhforo for the fluoro group.
The changé in bAglrrier is likely bfought upon Aby the change in electronégativ@ty between .
chlorine and fluorine. The barrier for S, is calcu’latédlu'sing 49.4 cm’™! level as the 2&;
le;/el, resulting in V', = 100.5 cn;'l, Vs=12cm ™ and B'=5.4 cm™. The experimental and. g
calc.ulate‘d frequencies are shown in Table 12.

Table 12. " The calculated and experlmental torsional frequenmes for p'- ﬂuoro—p—
~ methyl-trans- stilbene. (V= 100.5 cm’, V =12 cm™?).

assignment experlmental calculated
frequency \ frequency
0a, | 0 cm™! 0cm™
le -3.6 . 36
2e . 49._4 | 49,4
3a, .82.6 “ 82.6
se 109.9 1104
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