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ABSTRACT

The 1 frared and Raman spectra of 11qu1d styrene,
-_:t»rene d3, ‘styrene- d5 and st\rene d8 have been analx"ed
Assignments have heen made for the 42 normal modes of v1bra-
t10n in each molecule. The fluorescence and fluorescence
-excitation spectra of solutions of the four 1sotop1c styrenes
have been studied in a polycrystalline methylcyc]ohexane
matrix at 77 K. Vlbratlonal ana1y51s of the fluorescence

spectra 1nd1caLc that the A state of styrenc is planar. The

A-X tran51t1ou moment is a-axis pOl&Tl’Ed in contrast to
“ what has' been found in several other’ monosub$tituted benzenes.
. The fTuoreééence excitation spectra have also beerr vibration-
ally analyred, and severai excited .state fundamental frequen-
. ] L.
cies have beén-assigned.
The fluorescence decay time and quantum yield of eaeh of
the four styrenes have been determlned in cvclohexane at
. TOOM temperlturc and in 3- metnv]pentdne at room temperature

and at 77 K. The radiative rate:rconstant is essentially inde-

pendent of isotope, solvent and temperature. The non-radiative
rate constant dccrcases onl) very 1lght1) upon deuteration

and by about 50% upon cooling. These results are compargd
" with similar data of a related compound, trans-stilbene.
Triplet-triplet elettronic energy transfer studies at

77K using acetophenone as sensitizer indicate the presence

of a rapid non-radiative decay pathway from triplet styrene.
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CHAPTER ONE : *
y . INTRODUGFION ~ - . d

1.1 General _ - o

", Molecular spectrdscépy is the studx‘!f fhegabsorption'
or emission of eiectromagnetic radiation by molecules. Spect-
'roscopy is_bne of the most powerful tools that a chemist
has at his_disﬁosal for the1e1uﬁidatibn of molecular structure.
There are several different branches of spectroscopy, depending
on the amount of energy involved in the.abébrption or emission
process. Microwave spectrdscoﬁy deals with transitions‘betwéen
the various rota;ional levels of the molecule and can yield,
for suitable mo;eculeél"precise information on internuclear
distances and bond angles. Infrared spectroscopy, comple;
mented by the Raman scattering process, enaﬁf;s one to gain
knowledge of molécular symmetry, bond and ang;g force consténts,
and moments of inertia. Electronic spectroscopy can give |
qualitative or quaﬁfitative information on the structure
of thé various excited electronic statés‘of moiecules‘

One pérticularly useful type of emission process is

ph'toluminescence, which can Bé described as the process
ofl 1light emission subsquent to light absorption. Usually
tht energy of light used for excitation of the sample is
in the ultraviolet or visible range, making the sample mole-
cules electronically excited. In addition to obtaining
emissi;n spectra, spectroscopists, as well as those in other
fields such as physics and biochemistry, are also interested

in the kinetics of photoluminescent process. Excited state

-1-
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‘lifetimes and lumlnescence quantum yields are fhe most important
iphotophy51ca1 parameters that ‘one needs in order to elucidate
the prqcesses involved 1n the deactlvatlon of an exc1ted
7elec§r6nicjstate.. |

Since'éﬁe 1uﬁinescencé'studieé of Stark(1) on iiquid

.(2)

benzene and Stark and Meyer on bénzene derivatives at
the beginning of this century, these and dther aromatic mole- r,
cules have been the subject of continuing investigation into
their lumine;ceﬁt and ﬁhotophysical prdperties. A particu-
larly interesting class of monosubstituted derivatives of
benzene are those in which the substance is a multiply-bonded
species directly attached to the aromatic ringl Recently
there have been several spectroscdpic studies .done on the
three isoelectryc molecules benzonitrile (CgH C=N), phenyl-
acetylene (C6 5C CH), and phenylisocyanide (C6 5N C), both
(3-7)

and luminescence from
(8-10)

gas phasg electronic absorption
polycrystalline matrices at low temperature A molecule
which is similar to thése,-but which is also the simplest -
aromatic molecule that can undergo both luminescence and
geometric isomerization subsequent to excitatiom, is the
'styrene molecule (&6H5CH=CH2). It:is the spectroscopy and
photophysics of this compound that is the subject of the

present work.

Nl

1.2 Previous Spectroscopic and Photophysical Work On Styrene

The first attempt at an analysis of the vibrational
spectra of styrene was made by Pitzer et_a1(11) using the

infrared spectra recorded by Stair and Coblentz(12) and



(13)

1(14,15) and

Wil;iéms and the Raman Spectra of Boufgue

Mizushima et a1(10); Roy(17)‘reported the Raman spectrum

of styrene but did nét'attempt to assign any observed bands -

specific normal vibrations. More recently, Fateley and
(18)

co-wdrkers and Mross -and Zundel('%) have made fairly

complete alysés of the C6HSCHCH2 vibrational Spectra, each

group assigning at least 35 of the 42 normal modes of vibration.
he latter authors also recorded the infrared and Raman spectra

of styrene—dB(CGDstDCDz). No data seems to exist on the

2 i S,
vibrational spectra of any other deuterated styrene analogue.

1 has been observed in

the laser Raman spectrum of gas phase styrene(?z).

A broad band centered at v 125 em”
A X The four
weak maxima superimposed on this band ‘have been assigned
as the (2«0), (3+1), (4«2}, and (5«3) overtones of the tors}onal
mode, v,,. A barrier height of 623.cm'1 was calculated by
fitting the observed frequencies to a potential function
of the form V(¢)=Iv,;(1-cos i¢).

The 2877 R s;stem of styrene has been studied in absorption
by Robgrtson, Matsen and Music(s), Morgan(zs), Lombardi and

(24,25) (26)

co-workers , Hui and Rice and very recently by

N
Hollas et al('7)._ Both Robertson et al and Morgan assigned

*

Very recently, an analysis of the vibrational spectra
of styrene- -d; (CgH5CHCD2), based on the wor appearing in
Chapter 4, has appeared in the literature(20), "In addition,
Creen and Harrison(21) have recently made revisions to some
.0f the previously existing CgH¢CHCH, vibrational assignments,
and have reanalyzed Mross ang gunde 's CgDsCDCDy infrared
and Raman spectra. Both of these works were published after
the analysis of the vibrational spectra appearing in this
work was completed.



+the stfbhg band ag'2877 A as ihe Qlectropi; origin. The

" former group of workers found four upper staté fundamental
fréquencies but did not. suggest any interpretétion, Morgan(23)
fbund phese'anq five other activé‘éinted state vibrafional
frequencies but ‘again no analysis of the Spectrum'was put
forward. Hértford and Lombardi(24) pﬁotbgraphed the 2877 A
band under high resolution and found that it 1is predé%inantly
A-type in character. The changes"in the rotational constants
upon excitation were céﬁsistent with é planar excitéd state
structure. Parker and Lombardi (%) observed Stark splittings
of some of the rotational features of the 2877 i bénd. ‘;ﬁe
small change in dipole moment (jaul= 0.13D) was interpreted

to show that only slight intramolecular charge transfer takes
place upon‘excitation. Hui and Rice(26) have re-examined

the vibronic structure in the R*i absorption systemibf styrene,
trans-g-styrene-dy, and styrene-ds, and by comparison of their

. spectra with those of phenylacetylene, obtained by King and
80(6), have madé the first attempt at assigning some excited

state fundamental frequencies to specific normal modes. Very

recently, Hollas, Khalilipour, and Thakur(27) have performed

a more complete vibrational analysis of the A-X absorption

*

spectra of C_H CHCH, and C_H.CHCD

65 6°°5 2
The fluorescence spectrum of styrene had been obtained
by Marshczs) as early as 1923, and by Titeica(zg) in 1936.

In more recent times, the gas phase fluorescence of styrene

“The analysis of the fluorescence excitation spectra
appearing in Chapter 5 was completed and had appeared in
the literature before the work by Hollas et al was published.
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(23), who used optical ‘excitation,

has been studied by Morgan
and by Singh(so), who employed an electrical diséhéréé,to

excite the sample.. Both workers assigned the band near 34.760
cm_1 as the electronic origin,.and analyzed the emission -

in terms of‘é number of ground state fundamental frequencies.
Konschin, Sundholm and Sundholm ') and Penchev and Simeonov (32)
have each feported the fluorescence spectrum of st}rene in‘
ethanol at 77 K. Whereas the former group observed only

five maxima in the spectrum, the latter reported seeing 25

bands. The}r spectrum was not presented, however. Grajcar

and Baudet[33) have glven a vibronic analyses of the fluor%%tence
spectrum of styrene 1n crystalline pentghe solution at 77 K .

In this solvent, 38 vibronic bands were obtained, and thé

origin of the transition was'assignéd,to a weak band at 34 323
em” 1,

s Salisbury and Phillips and co-workers, using the techniques

of fluorescence decay and time-resolved emission spectroscopy(34'36),

(37)

fluorescence excitation

(38)

and time-resolved fluorescence exci-
tation spectroscopy , have put forward convincing evidence
that styreﬁe and trans-8-methylstyrene vapors, when excited
into~the B state, undergo relaxation to a '"twisted" singlet
state which is emissive. Briefly, théir major finding waé

- that these molecules exhibited a variation in their fluorescence

spectra with the time the photons were observed relative

The analysis of the fluorescence spectra appearing
in Chaptér 5 was completed and had been submitted for publi-
cation before the work of Grajcar and Baudet appeared in
the literature.
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to the eXC1tat1on pulse, and a variation in their fluorescence
decay rates w1th‘\%15510n wavelength The 1mportance of
rotatlon about the olefinic double bond in causing these
effects was 1nferred from a study of 2 phenylnorborn 2 -ene
by the tlme-resolved technlque. It was observed for this
'rcompound that early and late gatedispectra were identical,
and the fluorescence decay times were 1ndependent of the
wavelength of observation. ‘

‘Gas ;hase fluorescence quantum yields and-lifetimeSV
as a function of excess vibrational energy: in fﬁe 287.7 nm
Band system have.been ebteined Hui and Rice(26). Salisbﬁry
and Phillips and co-workers(sﬁ? have determined the fluore-
~scence lifetime of styrene vapor excited-at‘ZSS.O nm and
have in effect extended the study of Hui and Rice by detefmining‘
quantum yield and lifetime parameters as a function of excitation .

(38)

wavelength from 287 to 255 nm On moving from A state

to ﬁ state excitation, the fluorescence decay becomes non-
exponential, with a weak long-lived component being introduced.
This 1ong—lived decay was attributed to emission from the
twisted excited state.

The fluorescence quantum yield and lifetime of styrene
in cyclohexane solutien have been feported by Crosby and

Salisbury(sg) and by Lyons and Turro[40). (41)

.Basile and
Berlman(42) have also reported styrene's fluorescence lifetime

in cyclohexane.



1. 3 Aims of the Présent Work °

In recent years there has been -'some CONtTOVErsy concerning
the nature of styrene s first exc1ted electronlc’state The

problem first arose when Hartford and Lombardi's rotatlonal

Q

band contour analysis of the 2877 A band(24) (the origin
(S) (23)

~band, as assigned by Robertson gt_g; and Morgan in
absorption and by Mofgan(zs) and singh %) in emission) showed
that it is type A 1n character. That is to say, the direction

of the electronlc transition moment 1s almost parallel to

the a axis and the transition 1is 1A1+1A1 (C2v language is

used to 1nd1cate styrene's similarity to other monosubstltuted
benzenes)i Thls result is at variance with the fact that

in all other monosubstituted benzenes for which the corresponding
0,0 band has been rotationally analyzed the band has been

1

shown to be type B, indicative of a B2+1A1 electronic transi-

tion(6{ f3f48). In fact, it has been suggested by King and

van Pugtenx%g) and by Muirhead 23_31(7)
assigned as the 0,0 band is in reality a vibronic band involving
one quantum of a b2 (in sz)'vibration. More recent theor-
etical calculationscss’so) have predicted nearly long axis
polanizatidn for the A-i transition, however. It was hoped

that a study of the fluorescence spectroscopy of styrene

at low t erature would shed some light on the nature of

the fingt excited singlet state. To this end, spectra were
obtained in a polycrystalline methylcyclohexane matrix.

-Since the spectra were well resolved, vibrational analysis

of the spectrum was possible, but only after the fundamental

that the band originally -



vibrational frequencies of styrene were known to a good degree

of Eertainty All of the prev1ous attempts to 1dent1fy the'

"‘fundamental frequenC1es of styrene resulted in incomplete

a551gnments, - Thus, the infrared and Raman spectra of CGHSCHCH
styréneih-s-s;d (C CDCD ), styrene d5 (C CHCHZ), and
C6D5CDCD2 were recorded and analyzed

The  effect ofrdeuterlum 1sot0pe substitution on the
'1umineséence characteristics of aromatic hydrocarbon mole-
cules has been of_consideréple iﬁterest for some time. It
has been a valuable aid. in the .understanding of radiation-

(51)

less electronic transitions While the phosphorescence

process shows marked increases in quantum yield and lifetime

upon deuteration, there is a lack of a significant isotope

(42’52’53). Styrene, with its exocyclic

(26)

effect .on fluorescence
vinyl group, is knoﬁn to photo!gomerize in solution
It was of interest to see whether partial and complete deut-
eration of styrene, with its additional non-radiative pathway;
has ;ny more than the very minor effect on fluorescence quantum
:yield and .lifetime which is the case for other aromatic hydro-
carbons.

Temperature effects on fluorescence quantum yields and
lifefimes continue to play an important role in elucidating
the‘mechanisms of excited state deactivation. The cis-trans
isomerization of trans-stilbene has recently been the subject

1(54-62) 1(63-66)

of intensive experimenta and theoretica

study.

In particular the singlet lifetimes have been obtained as

a function of temperature from room temperature to 77 K(67’68).



£

. .
~ a

g ) ) ¢ . _ | h‘— ) . 9 :
Also, the fluorescence quantum y1e1d of trans st11bene shows

(69, 70) Wlth

a- drastlc 1ncrease Wlth decrea51ng temperature
styrene 's obv1ous structural 51m11ar1t1es to trans st11bene
'the same type of behav10ur mlght be expected Fluorescence
quantum y1e1ds and llfet1mes of styrene and the three deuter-
ated styrenes at liquid nitrogen temperature were obtained
and compared te room femperature results in an aftempt to
understand the processes which are depopulating styrene's
first.excited'singlet state, Styrene is also known to be a
non-phosphorescent molecule. The deuterium and temperature
work, as well as studies involﬁiné the deliberate population
of styrene's triplet manifold by electronic energy transfer,

would hopefully make more clear the reasons why styrene does

not emit from its first triplet state.

~

./'



) CHAPTER ™o | R
. THEORY AND BACKGROUND

i

2.1 The Wave Equation

The non-rela;ivistic time-independent Schroedinger equation
fof a molecule céh be written as o .

A@Q ¥ @ =E¥ @ . @y
where H is the Hamiltonian Operator‘anddfénd E are the_sta%ionary
state wavefunctions and energies, aﬂd‘q and Q are the complete
sets of electronic and nuclear co-ordinates, respectively.

-

2.2 Spectroscopic Transitions

A spectroséopic transition may occur between two stationary
states a and b, with energies E and E respectively, at

a wavenumber v if

5 = By - Eyl (2.2)
IIC

where h is Planck's constant and ¢ is the speed of light.
The probability of an electric dipole transition between

these two states is proportional to the transition moment

R, = <wplMlv,> (2.3)
where wa and wb are the stationary state eigenfunctions of
the two states involved in the transition, and M is the electric
dipole moment operator. Equation 2.3 does not hold for Raman
scattering. In the Raman effect, the operator M is replaced
by the induced dipole moment vector B. The magnitude of
P is equal to «|E|, where E is the electric vector of the
incident radiation and o is the polarizability.

-10-
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2.3 The Theory -of Electronic Sﬁéctfa .

2.3.1 Allowed Transitions

The transition moment for an-.electric dipole transition
between two non-degenerate vibronic states we.v, and Ugriyte

is given, from Equation 2.3, by

Blogu,e>  » C2.4)
o

etv'ie'v" Very:
Appllcatlon of the Born-Oppenheimer Approxlmatlon
separate the\mot1on of the electrons and of the nuclei enables.
the total anefunctlon (neglectlng rotation) to be written

as

Voy (4,Q =0, (a,Q) ¥, (Q) (2.5)

where we and wv are the electronic and vibrational wavefunctions

respectively. Since M is a vector, it can be resolved into
. an electronic and a nuclear part,

5 o = ’

M=M_ + M, | . (2.6)
The vibronic transition moment (Equation 2.4) then becomes

.
Ryvy s gryn=<¥y Q) 1<V (a, Q@ Mg [e g (a,Q)> 4,0 (Q)>
o<y, QM 14,0 (@> <9, (a,Q) [vgn(a,Q)>

R
The second term in Equation 2.7 vanishes due to the orthogon-

ality of the electronic wavefunctions. Equation 2.7 then

simplifies to

Roo s gy =<0y (@ 1R, 0 (Q) [0, (Q)> (2.8)

e'v'e'v
where the pure electronic transition moment

Ry on (Q=<¥,,(q,Q) M, ¥ (q,Q)> (2.9)

(2.7)



hae a, parametric dependenee on the ﬁucleer co~ordinates.

To e11m1nate all dependence of ﬁ e,,(Q) on the nuclear co-
ordinates, the Condon approx1mat10n is applled we(Q) is
approximated by wé(q,Qn), i.e. ¥, is‘evaluated only'af the
equilibrium nuclear configuretion of the state from which
the transition originates. Equation 2.% then becomes |

Ry 1 on (0)=<0g1 (2,Q0) 1M 1440 (2,Q0) > - (2.10)

where Q, represents the equilibrium nuclear configuration
of™the initial state (the lower state for absorption, the
upper state for emission). Equation 2.8 then simplifies

to

Rty amyn=Rargn (03 <, (Q [0, (Q)> .o2an

e'v'e"v" e
An electronically allowed transition is one in which ﬁe,e"(O)#O.

'Groep theoretically, the condition that must be fulfilled
is that Fwe' . Fwe” | Fﬁ is totally symmetric under all symmetiTy
operations of the point group to which the molecule belongs
fof at least one of the vector compenents of M. The vibra-
tional transitions which will be ob%erved as fine structure
in the electronic transition will be those for which
<¢v.(Q)|¢v”(Q)>#O, i.e. va, ® Ty, is totally symmetric
of all symmetry operations of the molecule's point group.
Therefore, for an allowed transition between two non-degenerate
vibronic levels, vibrational quantui number changes

Av=v'-v"=0, 1, *2, . . . (2.12)
are allowed for transitions between all totally symmetric

vibrational modes, and
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Av=0, %2, 4, .0 23
are allowed for transitions between non-totally symmetric
vibrational modes.

2.3.2 Vibronic Interactions

To a good approximation (the Born-Oppenheimer approXxi-
mation), Equation 2.5 representé the vibronic wavefunction
for a molecular system. There.is-an exact separation of
nuclear and electronic motion, and so in this approximation
there can be no '"intensity borrowing' and the transition

moment will be zero for a transition which is formally forbidden

.by the electronic selection rules. Vibronic interactions, -

then, are made possible because U, and vy are not exactly
separable, 1.e. there is a dependence of the electronic
wavefunction upon the‘nuclear co-ordinates.

The Herzberg-Teller theory(72) of vibronic intensity
borrowing 1is ofteﬂ invoked to explain the appearaﬁce of a
formally forbidden transition (or the appearance of a forbidden
component in an electronically allowed transition). In this
theory the Condon appfoximation is relieved by expanding

the electronic Hamiltonian He (or the transition moment)

in terms of the normal co-ordinates of the molecule, Qi:

—(H Jo + L Q .. (2.14)

o Q
where Q.l represents the co-ordinates of the nuclei for the
fi? normal vibration evaluated relative to their equilibrium

values in the vibrationless ground state, and the subscript

sero refers to the equilibrium,nuclear configuration in the
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grdﬁnh electronic sté?e. The second term in Equation 2Q14
is the perturbation which takes ;nto account the interaction
of electfonic_and nuclear motions. It is-assgmed that there
exist a number of zeroth‘orde; wavgfunctions‘w;éq,QB, wh}ch
represent the pure glectronic wavefunctions bf tﬁe molecule
without regard to nuc}ggr motion. These wavefunctions will

be solutions of the zeroth order Hamiltonian -(Hgl)., 1i.e. }
. o i o /

(Hy) oy (a,Q) =By (4,Q) L @as)

The perturbing term(s) in the electronic Hamiltonian is used '
. [=]
to "mix" into a formerly zeroth order state V¥, contributions

. (-]
~from other states wj’ in the manner
=]

¢k=¢k +k27!jckjwj | (2.16)
The values of ckj will be given, from perturbation theory,
‘by

Ck.=<w§|H'l¢§> 5#k (2.17)
?TER - ES

where H' is the perturbing term in the electronic Hamiltonian.
For kj to be non-vanishing, the symmetry condition that

must be obeyed is that

vem Tyg = fQp (2.18)

since (EES) Q has the same symmetry in electronic space as
- Q

Qi does 1in -'nuclear space(73).

The perturbed wavefunctions described by Equation Z.14

can now be used in evaluating R This transition

e Ivf e"V" -
moment is now decomposable into two parts, an allowed component,
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<w°|ﬁ|.lp°> and a forbidden component Ié<w° |M] o>, where 4J°
represents the zZeroth order ground staég 3avefunct10n Because
the magnitude of the mixing coefficient ij is inversely
proportional to the energy gap between the perturbed and,

the perturbing states, in conventional Herzberg-Teller theory
perturbation of the ground state is considéred to be smali
compared t6 those of the zeroth order excited states.

The emphasis of the Herzberg-Teller theory of vibronic
intensity borrowing is normally on the role of non-totally
symmetfic vibrations in forbidden transitions. Symmetry
argumeqts dictate that only non-totally symmetric vibrations
can bring intensity to symmetry-forbidden transitions. However,
it has been recognized, in the.case of the §,-S; transition

(74,75) (76)

of phenanthrene and in azulene

, that perturbations

due to tbtaliy symmetric vibrations can contribute inténsity ‘ h
in allowed transitions. In molecules whose symmetry is low,
vibronic coupling via totally symmetric vibrations may contribute

a significant amount to the spectral intensity.

2.4 Theory of Vibrational Spectra

2.4.1 Normal Co-ordinates, Vibrational Wavefunctions and

Symmetry Considerations

A molecule with N atoms has 3N-6 (3N-5 for linear mole-
cules) vibrational, three translational and three rotational
degrees of freedom. In the classical description of moiecular
vibrations, the equations of motion for the N nuclei consist

of the 3N Lagrangian equations
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dat, 3L o ._ _ ‘

ﬁ%é? §5-=0, i=1,2,. . N | (2.19)
where the £; are a set 'of generalized co-ordinates, and

L=T - V N (2.20)

T is the kinetic energy of the nuclei, given b§
3N s o | ) 21
T"i_z migi ( L )

and V 1s the potentlal energy of the nuc1e1m Potential energy

is a function of nuclear dxsplacement, expanded in a power
S

ies form (valid for small values of the displacements(77)),

3V 32V

3N 3N
2V=2V°+Zj§(§E;)°5 + % (BE 35 =)ok g + .. . (2.22)

The, expansion is .about the equilibrium positions of the nuclei.
If the zero of energy is chosen as the value at the equili-
‘brium configuration, then V,=0; also, when the nuclei are

in their equilibrium positions, the potential energy is mini-
‘mized. Therefore, the second term on the right hand side

~of Equation 2.22 vanishes. For sufficiently small amplitudes
of vibrations (i.e., in the harmonic appfoximation) cﬁbic

and higher terms can be neglected, so that
X _
veid | G ag Toa ), B4 (2.23)

The solution of the Lagrangian equations in generalizea orT
even m;ss-weighted co-ordinates is rather complicated due

to the presence‘!f_cross terms in the resulting secular equa-
tion. To circumvent this problem, and in order to carfy out

El
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4.quantum mechanical treatment of molecular vibrations, a new,
set of co-ordinates Q, called normal co-ordinates, are used.
Both the kinetic and potential energies can now be expressed

as the sum of squared terms:
3N, , 3 ' .
T= , V=1 1,Q,° 2.24

* ' z 2 ‘ ) - -
The quantity A=4r v , where v is the classical vibration
frequency. There is one normal co-ordinate for each normal

-mode of vibrdtion, and vice versa. The vibrational wave

equatibn has the form(77)
2 2
-h NG ] N6 2 _
L m_tsg + LN SRR, (2.25)
where Ev-is the vibrational energy. By making the substitution:
v, Q) = v (QIWI(Qy) .+ - - (Qay_g) (2.26)
Equation 2.25 can be factorized into 3N-6 equations of the
type
r -nld'v(g
S o} Q}L-+ hkakw(Qk) EUIV(Q), k=1,2,. .., (2.27)

The eigenfunctions w(Qk) in Equation 2.27 are the ordinary

harmonic oscillator eigenfunctions, with eigenvalues
Ek=hvk(vk+i), vi=0,1,2,. . . : (2.28)
vy is the vibrational quantum number corresponding to normal

vibration k. The_eigenfunttions‘themselves have the form

ka(Qk)=NVke'“kQk Hy OiQ0 (2.29)

2
. . - 4m v -
whére va is a normalizing factor, Yk“__ﬁﬂk’ and Hvk(YkiQk)
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is the Hermite polynomial of degree Vi The total vibrational
energy is given by the sum of the 3N-6 individual harmonic
oscillator eigenvalues:

EvgggEk huk(v +3 ‘ : - (2.30)

The Hermite polynomials in the vibrational wavefunction
determine the behaviour of the wavefunctions with respect

to the symmetry -operations that are permittgd in the point

group to which the moleculé bélongsi A non-degenerate vibration’
can only be symmetric or antisymmetric with resPéct to these

(78)

symmetr) operatlons If Vi is even, (Qk) remains

v
k
unchanged 1rre5pect1ve of whether or not the sign of Qk changes
upon performing the symmetry operation. If Vi is odd, the
sign of the wavefunction changes when the sign of Qk changes.
Hence, assuming that v=0 for all other vibrations,
r 1Yk .
vy= Q ¢ (2.31)

4

Anharmonicity perturbations do not change the symmetry propertiés
of the vibrational wavefunction(78).

In order for a normal vibration to absorb infrared radi-
ation the transition moment integral <wv.|ﬁ|wvn> must b%
non-zero. The dipole moment operator can be resolved into
Cartesian co-ordinates ﬁx, ﬁy, and ﬁz, which transform in
éhe same manner as do the translation co-ordinates Tx’ Ty"
and Tz respectively. Wires if it is the vibrational ground

state, always transforms as the totally symmetric irreducible

representation. In the infrared, then, the symmetry condition
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in non-degenerate point groups that must be fulfilled for

a vibrational transition to occur is then

- =+ i
v Mx or My or Mz Fz,sz)

A similar condition holds for Raman transitions. A vibration

is‘active as a fundamental in the Raman effect if

ijg'i,j=x oTr Yy OT 2 ' (2.33)

where the o4 are the components of the polarizability‘tensof.
The gas phase Raman study by Carreira and_Townsczz)
indicated that 'styrene is planar in 1its equilibrium‘grodnd
state. In addition, microwave methods applied to p-fluoro(7?)
and p-chlorostyrene(so) have indicated that these molecules
have a planar grouhd s£ate geometry. Therefore, styrene

and the deuterated styrenes belong to the C; point group.
Since each are 16-atom molecules, they have 42 normal modes
of vibration. The number of normal vibratjons belonging

to gach symmetry species can be obtained fyom group theoret-
ical considerations. For the styrenesﬁfthe 42 normal modes

are subdivided into 29 of symmetry species atand 13 of species
b4 ¥y 5P P

a'' The character table for the CS point group is the following:

E  olxy)
a' 1 1 T.,T. ,R_ 2,8 2,3_ 2,0
z X ) z Xy
a!t -
1 1 T:’Rx’Ry Oz Cyz




r]

20

Since- the translatlon vectors and the polarlzablllty tensor

components each span both the irreducible representations, all

"of the vibrational modes of styrene and its deuterated ana-

“logues are both infrared and Raman active.

A more detailed treatment of the theory of molecular

vibrations can be found in References (77) and (78).

2.4.2 Depolarization Ratios

The depolarization ' ratio .of a Raman band is defined as

where I; and Iy are the intensities.of the Raman bands polar-
ﬁied perpendicular to and parallel to the plane of polari:za-
tion of the incident radiation. For linearly polari:ced
incident radiation, aé was the case for the laser source used
to obtain the Raman spectra, this ratio lies between 0 and
0.75 for totally symmetric vibrations and 1s equal to 0.75

for non-totally symmetric vibrationst78).

2.3.3 Teller-Redlich Product Rule

1)

The Teller-Redlich product rule(s relates thé ratio of
frequencies of all vibrations of a given symmetry type in a
pair of isotopic molecules to the molecule's geometry and
atomic masses. It is based on the assumption that the fields
of force of two isotopic molecules are identical. The rule

is rigorously upheld for the zeroth order frequencies w; and

is a good approximation for the observed fundamentals v;.



S \:\. L
\ L
\ X

As applied to the C6H5CDCD2/C6H5CHCH2 isotopic pair, for.

example, the product ratios are.

/

- wiD . . mH'S Mp . IxD 1.0 -
‘ ‘ i —_— ) (= S (%  a" modes (2.35)
i w; mp MH Ix Iy .
w,D m, © M ° 10
—lﬁ‘ = (—ﬂ) By _(—EH) -a' modes (2.36)
wj my o MH Iz

L]

.Similar expressions apply for other isotopic pairs.

2.5 The Fate of Absorbed Energy

Unless formed in the vibrationless level of an excited sing-
let state, a; excited species in solution 1is created with
excess vibrational energy. This excess energy 1is rapidly
dissipated by collisions with solvent molecules. The rate
constant for this process, called vibrational relaxation 1is
510%% s7'. If the initially excited electronic state is not
Sl’ a process known as internal conversion can occur. This
 process is a radiationless transition between isoenergetic
states of the same multiplicity. The molecule passes from a
low vibrational 1eve1'of the upper state to a high vibrational
level of the lower state, from which level vibrational relaxa-
‘tion can again occur. Eventually, these processes will take
the excited molecules to a thermally equilibrated vibrational
distribution in the first excited singlet state 51‘ The num-

" ber of molecules which have been found to fluoresce. with

appreciable efficiency from upper excited singlet states 1s
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- small, but growing(gzhsﬁ)}

Some of the radiative and non-radiative processes‘availj
able to polyatomic molecules are illustraﬁed by the Jablonski

{
diagram in Figure 2.1. From the ground vibrational state of !
Sl’ several photophysical processes are possible: (i) fluores-
cence; or a radiative transition involving no change in spin -
multiplicity; (ii) .internal conversion, followed by vibra-
tional relaxation to the S0 potential surface; (iii} 1inter-
system crossing, which is a radiationless passage from a sing-
let electronlc state to an isoenergetic leVel in a triplet
electronic state (or vice versa), followed by v1brat10nal Te-
laxation. In addition to these processes, Ehe excited mole-
cules can also transfer its energy to other molecules or
.

undergo photochemicgl reaction. A molecule in the lowest -
triplet.state Ty c;n undergo intersystem crossing back to
the S, surface, followed by vibrational relaxation, or it can
phosphoresce. Phosphorescence is defined as the emission of
light between two states of different spin multiplicity.

éor the situation when an excited species A* is sub-
ject to several first order or pseudo-first order deactiva-
ting processes {for example fluorescence, internal conversion

and intersystem crossing if A* is an excited singlet), the

rate of disappearance of A* is given by

dAY ok (am) | (2.37)

dt 1

where the k.1 are the rate constants for the processes that
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Processes in Complex Molecules.
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deplete the excited state. It follows that '

{A*} = {A%}, e t/T (2.38)
where {A*}, is the initial excited state concentratibn; and

(2.39)

T:.._—

L
i1

1 .

The quantity T is known as the mean lifetime of the excited
species. When {Af} is a singlet state, t is commonly known
as the fluorescence lifetime. A brief description of the
technique used to obtain fluorescence lifetimes in this work‘

in found in Section 2.8,

2.6 Fluorescence Excitation

- The total intensity of fluorescence emission is equal
to the intensity of light absorbed multiplied by the quan-

tum yield of fluorescence:

Q = (Io-rti¢f - {1y(1-107% Ny e, (2.40)

In this equation Q is the total fluorescence intensity in
quanta per second, I, is the intensity of the exciting light,
also in quanta per second, € is the molar extinction coeffi-
cient of the solute, c and 1 are the solution concentration
(in moles/litre) and path length (in cm) respectively, and
¢ is the quantum yield of fluorescence. For solutions that

absorb weakly, i.e. with ecl small, Equation 2.40 simplifies to

Q = 2.303 I0 ecl ¢e (2.41)
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It is seen that forla solution containing one solute of a
given concentration, the flgoreséence‘intensity is directly
lproportiénal to Ijepe. If Vavilov's Taw is obeyed, i;g;'if

¢ ¢ is independent of excitation wavelength, and I0 is also
constant with wavelength, then Q will be proportional to

the molar extinction coéfficieht €, and should closely re-
semble the absorption spectrum of the solute. Even when I
is not constant with wavelength‘and the solution optical den-
sity is large enough that Q is no longer proportional to
concentration, a good representation of the éolute absorption
spectrﬁm can often be obtained as long as these deviations

are not too severe.

2.7 Fluorescence Quantum Yields

The fluorescence quantum yield of a solution is defined
as that fraction of molecule% that Lmit a photon of fluores-
cence after direct excitation. The determination of the
absolute quantum yield of fluorescence is %raught with a num-
kber of experimental difficulties, and so the large majority
of quantum yields reported in the 1iterature have been ob-
tained through measurement of fluorescence intensity relative
to that emitted by a Eompound whose fluorescence quantum
yield is well known or at least is generally agreed upon.

In the cése where the solution optical densities are
small, and Equation 2.41 holds, the fluorescence quantum
yield of an unknown, (¢f)s, is obtained from the quantum

yield of the reference compound,)(¢f) by the equation

r!
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F in the above Equation refers to the integrated area under
the corrected emission spectrum, I(}) is the relative photon
output of the light source at excitation wavelength X, A(})
is the optical density of the solution at wavelength A, and

n is the average refractive index of the solution to thé
fluorescence. The subscripts r and s refer to the referenée
ana unknown solutions, resbectively. The ratian /F is used
in place of the ratio of the total fluorescence intensities
Q /Q only when the two fluorescence spectra are obtalned
under identical baometrlcal conditions with respect to the
sample and optics. In the special case where the two solutes
are in the same solvenf at the same temperature, have the same
optical density and are irradiated with the same wavelength

of light, Equétion 2.42 reduces to

(bgdg = (ol | s L (2.43)

F
T

To obtain corrected emission spectra it is necessary to know
how the sensitivity of the detection system varies with wave-
length. The sensitivity correction factor SA at wavelength A

can be written as

S, = Rk/%% (2.44)

where Rl is the recorded response from the detection system,
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* and dQ/dx is the true relative emission intensity at wavelength
x. Correction factors are most often obtained by recording
the response of the detection system to a source with a
known spectral distriBution, such as a standard lamp, OT
~alternatively by obfaining the specfra of ETﬁﬁbunds that
have a known spectral distribution.

A comprehensive review on the meaéurement of photo-

luminescence quantum yields has been given by. Demas and

Crosby(87).

2.8 Singlet Decay Times

The technique used for the measurement of .fluorescence
lifetimes was thp method of time-correlated single photon
counting. This method has found widespread popularity in
the last few years, and a number of reviews have been pub -

- ¥
lished(88 92) Only a brief outline of the technique will

be given here. l \
The single photon counting technique of lifetime mea-
surement is based upon the concept that the intensity-time
profile of all the photons emitted following a single pulse
of light can be reproduced by determining the probability
distribution for the emission of a single photon following
a single excitation pulse. The sample 1is repetitively ex-
cited with a pulsed light source such as a laser or a spark

discharge lamp. When the source fires, the pulse is detect-

ed either electronically, or alternatively by means of a
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,photomultlpller tube This "start" pulse is sent'to a time-

to- amplitude converter (TAC) where it. trlggers a voltage

ramp, which is linear in t1me and sets the time reference to

zero. The ramp 1is stopped when a voltage pulse from a photo- ~

+

. . . N t

multiplier tube viewing the sample emission is sent to the
[} ) : - ,

"stop" channel of the TAC. The TAC -output pulse amplitude

is then proportional to the elapSed'time between the arrival

of the "start" and "stop" pulses. If no "stop' pulse is

received by the TAC by the end of its voltage sweep, then
no output is generated and the ramp is reset. The output
pulses are sent to a multlchannel pulse height analyzer (or

hl

simply mulmichannel analyzer, MCA) where they are sorted
according to amplitude, and hence\time, and. stored as counts
in the memory. Because the probability of detecting a
single photon 1is directly proportional to the intensity of
em1551on, the detected events will be dlstrlbuted in . the same.
way as a profile of em1551on intensity VS time.

~Accurate tlme-correlated single photon data will be obtain-
ed only if no more than one emitted photon is detected per
excitation pulse.' The reason for this is the differential
nature of the operation of.the TAC. 1If more the% one photon
per excitatied pulse is incident on the photocathode, the
TAC will receive its "stop" pulse when the first photon is
detected and the voltage ramp will reset. A second emission

»

photon,'detected by the photomultiplier later in time but

before the arrival of the next ''start" pulse, will not be

counted since the TAC is'inagtiﬁe.lgihis henomenon, called

pulse pile-up, discriminates against.fate arriving. photons,
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and the apparent lifetime will be shorter than the true_véer,

The simplest method for minimizing error due to pulse pile-

up is to attenuate the emission intensity such that thé‘aver—:

age number of detected emission photons per excitation pulse
is <0.05(%3), | N

The true fluorebcenqe decay curve for an excited species
is that obtained by excitation with a deita function light
pulse. In practice, however, excitation -pulses have finite
widths, and for short lifetimeé significant distortion of
the true decay curve occurs. In order to recover the true
decay funétibn from the experimentally observed curve it 1is

‘néCessary to solve the convolution integral
G(t) =53 I(t')D(t-t')dt" | (2.45)

where G(t} is the observed time course ‘of the fluorescence
intensity ,‘I(t) is the instrumental response function or the
lamp time profile distorted by the detection system, and D(t)
is the true decay function. Of the several deconvolution

techniques available for the anal?sis of data collected with
' ' ' 2(94,95)

.

widely used is that of reiterative convolution

the single photon counting metho , perhaps the most

(96;97J2 By
this method, one assumes a functional form, with adjustable
parameters, for the decay law and numeri&ally integrates this
D(t-t') with I(t') to obtain a trial curve G'(t) which is
compared with the experimentally olgtained G(t). The free
parameters iﬁ ﬁhe decay law are then.adjusted until the best

fit (by least squares) between the calculated and observed

functions are obtained,
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2.9 Polycrystalline Matrices and the Shpol'skii'Effect

At room temperature in fluid solution the width_df the’
vibrational bands in a fluorescence emission spectrum 1is

large, typically several hundred wavenumbers This is due

-to speC1f1c interactions between-the solute and solvent.

However, Shpolfskiicga’ggl observed that by judicious ;h01ce
of an n-paraffin solvent, frozen crystalline solutions of
aromatic hydrocarbons yield highly resolved luminescence

and ébsorption spectra, with band widths of less than 10 cm_-1
in favorable cases. The gha;pest quasi-linear spectra arte
obtained when the molecular dimensions of the solute are

approximately equal to those of the solvent. ‘In these cir-

cumstances, the solute molecule replaces a solvent molecule

in the crystal lattice, and can be considered an "oriented

gés” molecule to a greater degree than when a rigid glass-

forming solvent is used.

Methylsyclohexane, although not an n-paraffin, has been

used with success in obtaining resolved low-temperature

fluorescence and phosphorescence spectra of a number of sub-

(8-10,100-102)

stituted benzenes Evidence has very recent-

ly(loﬁ) been put forward to suggest that there are two crystal-
line modifications of this solvent.

- ‘
2.10 Triplet-Triplet Energy Transfer in Rigid Solution

The phenomenon of a transfer of energy from a triplet
state of a donor D to a trlplet state of an acceptor A can

be represented by the equation
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T L (2.46)
The asterisk denotes an electronically excited spécies.
Tﬁat'this type of energy transfer occurs was first demon-
strated by Terenin and‘Erﬁolaev(104’105)by #héir observation
of naphthalene phosphorescence from a solution containing
both naphthalene and benzophenone, but whére only the latter
species absorbed the ;ncident radiation. These workers
found that éxcitatioh transfer is efficient only if the trip-
let energy of the donor is greater than that of the acceptor.
The fact that the energy donor is selectively excited rules
out singlet-singlet energy transfer, followed by intersystem
crossing, as the mechanlsm that populateb the acceptor trip-
let level. A trivial emission-reabsorption mechanism is also
very unlikely due to the very small oscillator strength of
singlet-triplet transitions. Triplet-triplet energy transfer
is a powerful tool for elucidating the kinetics and mechanisms

of photoreactions in solution.



CHAPTER THREE
EXPERIMENTAL

3.1 Chemicals’

Styrene-h8 was purchased from Matheson, Coleman‘and
Bell. Styrene-d3 was prepared in the following way. To
120 g (6 moles) of refluxing D,0 which contained 201 g of
freshly cut sodium metal wﬁs added 12.g (0.1 mole) of aceto-
phenone (from Matheson, Coleman and Bell). The reaction was
stopped after 22 hours. The acetophenone was. extracted from
the. mixture with ether, and the ether layer removed. The
aqueous layer was extracted twice with ether. The ether was
removed and combined with thé main organic layer, which was
then washed twice with water. The organic layer was dried
over anhydrous MgSO4. Evaporation of the ether yielded 10.5
g of C4H.COCDs. Deuterium incorporation was estimated at
94% by 'H NMR. Ten grams (0.081 mole) of freshly distilled
acetophenone-d3 were added over a period of 20 minutes to
~1.5 g (0.026 mole) of LiAlD4 (Stohler Isotope Chemicals,
99% D atom) in 50 ml diethyl ether. The mixture wa3 left at
mild reflux for four hours, and then quenched with acidified
HZO‘ After filtering out the inorganic hydroxides, ether was
added to the filtrate, the mixture was shaken, and the ether
laver removed. Tﬁe aqueous layer was extracted with ether,
and the combined ether layers were dried over anhydrous MgSO4.

After -removal of the ether, the crude alcohol was purified by

-32-
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distillation underAreduced.preﬁsure. The alcohol, CGHSCDOHCDS,
was then dehydrated using ~1 g of anhydrous KHSO, and a trace
of -copper powder. The mixture was heated with an oil batﬁ
whose temperature was gradually raised to 200°C. Ether was
added tb the distillate in a separatory funnel. The aqueous
layer was drained off and the ether layer was washed first
with a saturated NéZCO3 solut%on and then with water. ‘After
dryving the solution ovér calcium chloride, the ether was re-
moved by distillation at atmospheric pressure,’and the product,
CgHCDCD,, was bulb-to-bulb distilled on a vacuum line.

Styrene~d5 was prepared by synthesis of the corresponding
alcohol by a Grignard reaction, followed by.dehydration. The
Grignard reagent was prepared by adding a crystal of I2 to
1.48 grams (0.062 mole) of Mg turnings in ~10 ml of ether, and
then slowly adding 10 grams (0.062 mole) of bromobenzene-d5
(Stahler Iso;ope Chemicals, 99.5% D) in ~50 ml of ether. After
most of the magnesium had dissolved, the reaction mixture was
cooled to 0°C and acetaldehyde (in 10 ml ether) added dropwise
over 15 minutes. The reaction mixture was decomposed with
careful addition of a saturated NH4Cl solution. The ether
layer was washed with water and dried over anhydrous MgSO4.
The crude product, CﬁDSCHOHCHB, was vacuum distilled before
dehvdration, which was carried out in -the same way as in the
preparation of styrene—ds. \\‘ .

Sty'rene-d8 was obtained from Aldrich Chemicals and vacuum,
distilled, or prepared by the same method as for styrene-ds,

with acetaldehyde-d4(Merck, Sharp and Dohme, 99% D atom) being
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used. ] . | |

Because the styrenes tended to polymerize over a per;od
6f months when stored in the dark at ~0°C, all stock ;olutions
of the styrenes were made with freshly distilled solute.

j Acetophenone (Mathesoﬁ, Coleman and Bell) was vacuum
distilled prior to use. Aldrich Chemical Company 9,10-di-
phenylanthracene (99+%, GOLD LABEL) was recrystallized from
ethanol, m.p. 248-249.5°C.: Biphenyl was first frecrystallized
from ethanol, and then three times vacuum sublimed, m.p. 69.5-
70°C.

The solvents used, eithe}mpure or as components of solvent
mixtures, were:

cvclohexane(Matheson, Coleman and Bell, Spectroquality,
or Fisher Scientific, ACS Spectroanalyzed), either used as
received or paséed through a Woelm alumina column;

methylcyclohexané (Matheson, Coleman and Bell, Spectro-
quality), used without further purification;

diethvl ether (Matheson, Cdleman and Bell, Spectroquality),
used without further purificdtién;

isopentane (Phillips Pure Grade), which was shaken in
Linde 10X molecular sieve; )

5-methylpentane (Phillips.,Pure Grade), which was passed
through a Woelm alumina column and repeatedly shaken in Lindé
10X oy BDH 13X molecular sieve; .

e2§y1 ijodide (J.T. Baker Co., "Baker Analyzed" Reagent),
stabiliipd with copper wire, used as received.

¢
The last named solvent was used only in absorption, and was
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transparent in the waveleﬁgth region of interest, némely
4000 - 5000 A. The 3-methylpentane exhibited a very slight
afterglow when cooléd to 77 K and irradiated with broad |
“band éxcitation centered at 254 nm. This res{aual lumines -
cence,. however, was not signifiﬁantly above the level of
scatte%pd light and so was not considered a problem in fluores-
cence quantum yield experiments with this solvent, in spite of
the fact that the impurity emitted in the same spectral region
as the reference compound, 9,10-diphenylanthracene. Thé lﬁtter

i . X 106
compound has a quantum yield near unity 1n many solvents( ©)

. . . 5 se= = .
. and an extinction coefficient of ~10 at 253.7 nam, the excita-
tion wavelength used in the quantum vield experiments. For

all other solvents, no detectible luminescence was observed

under the experimental conditions used.

Spectra

3.2.1. Infrared Spectra

Infrared spectra were recorded on a Perkin-Elmer Model
521 .grating spectrophotometer. Samples of the neat liquid
styrenes were placed between the two KBr windows of a sealed
sample cell of path length 0.025 mm. Weaker bands were
developed by employing the 5X ordinate expansion capabilities
of the spectrophotometer. The infrared spectra of polvstyrene
film, and of thin films of indene and 1,2,4-trichlorobenczene
were used for calibrating the observed bands of stvrene. The

1

accuracy of the band postions is estimated to be =l cm — for

sharp bands and #I-3 cm_1 for weak or diffuse bands. Spectra
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of the vapor phase styrenes were obtained using a 10 em”

gas cell equipped with a sidearm and fitted with CsI windows.

>

3.2.2. Raman Spectra

Raman spectra of room temperature and -25'C liquid
samples of the styrenes sealed in Pyrex capillary tubes were
obtained with excitation ffom the green 5145 & line of a
Spectra Physics Model 164 argon ion laser. The scattered
radiation was detected by a photomultlpller (elther an ITT
Model FW 130 or an RCA C31034 tube) after passing through a
Spex Model 1400 Czerny-Turner Monochromator, then amplified and
recorded. The lower temperature was attained byipassing the
cold vapors from liquid nitrogen around the.sample, and was
measured by meens ef a copper-constantan thermocouple. De-
polarization ratios were measured by placing a rotatable polar-
izer between the sampfe and the entrance slit of the mono-
chromator. To avoid polarization effects due to the grating,
the scattered radiation was completely depolarized before it
entered the monochromator. The Raman spectrum of freshly dis-
tilled indene was used for calibration purposes. The estimate@
-1

accuracy in the Raman bands is *3 cm

-

3.2.3. Fluorescence and Fluorescence Excitation Spectra

Figure 3.1 shows the basic apparatus used to obtain the
emission spectra. Light from an Osram 150 watt xenon lamp,
powered by a Bausch and Lomb power supply or an Osram 450 watt
xenon lamp powered by an Oriel Optics Corporation Model C-72-50

DC regulated power supply was focused onto the entrance slit of
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either a Jarreil-Ash 0.25 m Ebert monochromator equipped with .
a 2360 grooves/mm, 300 nm blazed grating, or a Bauscﬁ and Lomb
0125 m monochromator with a 1200 grooves/mm grating. The‘raj
diatiqn leaving the monochromator was focused onto the sample,
which for low-temperature emission spectra was contained in a
11 mm Q,d. quartz tube immersed in a partially silvered dewar
containing liquid nitrogen. ‘Emission was observed at 90° to
the direction of the incident light by a Jarrell-Ash 0.5 m
scanning Ebert monochromator. The dispersive element was a
1180 grooves/mm grating, blazed at 400 nm. The light exiting
the monochromator was detected by an RCA 8575 photomultiplier.
Amplification wds_provided by either a Kiethley Model 610C
solid State Electrometer, or an Ortec phdton counting system
consisting of a Model 454 Timing Filter Amplifier, a Model 421
Integral Discriminator, and a Model 441 Ratemeter. The signal
from either the electrometer or the ratemeter was fed into a
Varian G-2000 strip chart recorder. Fluorescence spectra were
uéually attained by exciting the B+X transition in the wave-
Iength region 250-260 nm. Spectra were typically run on unde -
gassed samples of concentration 10‘3 M or less. Slit widths
used on the emission monochromator were generally less than
100 pu. The resulting spectra were uncbrrected for the varying
response of the detection system with wavelength. The wave-
lengths of the spectral bands were obtained by superimposing
the resonance lines from a low-pressure mercury pen lamp. The
wavelength accuracy of the bands is *0.5 R.

- - - . -2
Fluorescence excitation spectra were obtained using ~10
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M solutioﬁs of the'styrenes by monitoIing the highest inten-

sity emission band on the 0.5 m ﬁonochromatof while varying

the wavelength of excitation using the Jarrell- -Ash 0.25 m
monochromator. Typlcal s1it widths used were 400y on the
emission monochromator and 150y on the excitation monochroma— —
tor. Wavelength calibration of the fluorescence excitation

p::;?a\was performed By the following method. First the

™~
.
emission monochromator was calibrated using a mercury pen

lamp. Then the 0 ”5 m monochromator was set at the wavelength
of the maximum 1ntens1py band in the excitation spectrum, and
éheO.S m monochromator-ﬁgs scanned through this wavelength.

The wavelength dial setting of this monochromator at maximum
intensity was recorded, and the wavelengthé of all other bands
in the spectrum were obtained using the wavelength of the maxi-
mum intensity band as the reference waveleﬁgth.

The polycrystalline solutions used in obtaining the fluores-
cence and fluorescence excitation spectra were obtained by one
of two methods. In tﬁe first method, the tip of the sample
tube was placed about one centimeter above the liquid nitrogeﬁ
level in a dewar {either the sample dewar or an external dewar) .
When the sample became completely polycrystalline the tube was
quickly plunged into the sample dewar. Alternativegly, the
sample tube was first 1immersed in liquid nitrogen, the pgmple
becoming a cracked glass. Then the .tube was allowed to Qarm
up in the air until a portion of the sample had crystallized.

The sample was then quickly placed a short distance above the

liquid nitrogen level, and was immersed in the coolant contained
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in the sample dewar after_complete.crystallization had occurred.
There was no discernible difference in the emission spectra

obtained using the two cooling methods.

3.2.4. Absorption Spectra

All absorptioﬂ spectra of the styrenes were obtained
using a Cary Model 14 recording spectrophdtometer. Vapor
phase samples were contained in a 10 cm Quartz cell. Air
was used in the reference béam of the spectrophotometer. when
reﬁording these spectra.. The vacuum wavenumbers of the major
peaks were obtained by comparison with the vapor absorption
spectrum of bGHSECH, which has beenlthorﬁughly analyzed by

King and So(ﬁ).

Almost all solution absorption spectra were
obtained using matched one cm absorption cells, with the ref-
erence cell containing the pure solvent. The only exception

to this was when ethyl iodide was used as the solvent; in this

case matched 10 cm liquid cells . were used.

3.3 Measurement of Singlet Lifetimes

A brief description of the:iprinciples underlying the time-.
correlated single photon counting method for the determination
of fluorescence lifetimes has been given in Section 2.8. The
instrument used in this work, illustrated in block form in
Figure 3.2, utilizeqﬁa home-made discharge lamp. The details
of the lamp construction are shown ih" Figure 3.3. Thé elec-
trodes, which were 1/16'" thoriated tungsten welding réd, could

be repositioned to the same gap width after cleaning using
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: _6-‘3§ screw slotted for screwdriver .
with V" notch for vacuum pumping.

extended 1/4" CAJON union (5/8")

Viton o-rhirnug')' R

Quortz window

1-3/8" dia
1

Wy (" 21— 1
I dia . M
. o I I" dia.

I-7/8 " dia |

174" CAJON 'uitra-torr'fittings

| i

| { [

retaining .
ring

slip rtng

@ | Pyrex V-2

terminal 1A6" dia,
screw for

: ‘ . vacuum fittings.
Gy, —— - tungsten
- highvoltage

electrodes=
lead / ‘

.
[

Figure 3.3 Nanosecond Discharge Lamp used for Measurement

of Fluorescence Lifetimes.
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this design, a&thqugh_the gap could not be changed-in-situ. '
The electrode spéting'@sed wés 2 mm. The lamp WaéAgat;d
iwith an EG é'ﬁ'HY-Z‘ceramic hydride thyratron. The 1émp was

" filled with'apprpximately.o.s atmosphere of Hz‘(or-pz)L The
voltage applied to the lamp wés 7 kV, and the flash repetition
rate was typically 18 kHz. 5 |

Light from the flash lamp was collihétgd and focused onto
the slit of a Jarrell-Ash 0.25 m Ebert monochromator.- The
incident radiation and the emission were focused onto the |
sample and photomultiplier tube respectively by a modified
IRW Model 31A Decay Time Fluorometer optical system. fhe
total, optical arrangement is dépicted in Figure 3.4.

Sample‘emission was detected at 90° by means of an Amperex
56DUVP/03 ﬁhoto%uitiplier tube incorporated in a Photochemical
Research Associates, Inc. Model 520 housing. At an operating
voltage.of -1950 V, the'backgrougd count rate was 30-40 Hz
at ambient temperature. | .

Anode pulses from the photomultiplier were processed by
an Ortec electronics system consisting of a Model 9301 Fast
Preamplifier, a Model 454 Timing Filter Amplifier, and a

Model 473 Constant Fraction Discriminator operating in the

"constant fraction' mode. The latter module's output was.a

ha

negativergging logic pul%g which did not-vary with input pulse
//amﬁTIZude. This signal proﬁided the STOP pulse for the Model
- 457 Time-to-Amplitude Converter (TAC). "START" pulses were
derived via an Ortec Model 436 100 MHz discriminator which

accepted a pulse from an RCA 1P28 photomultiplier located
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: HZ(DZ)_flash lamp

15 c¢m focal length lens
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inside the lamp power Qupply. Light was transmitted to this
photomultiplier by means of a 3 ft fiber optic. The TAC out-
put was fed into a Victoreen .PIP 400 Multichannel Analyzer
(MCA). \batahstored-in the MCA was converted to a punched tape
output and put onto cards. The time base of the TAC was cal;.
ibrated withian Ortec Model 462 Time Calibrator.

The fluorescence lifetime sygtem was tested, in collabora-
tion with Dr. R.C. Miller, using dilute 501ution§ 6f compounds
that are generally accepted as exhibiting simple exponential
decay behaviour. The solufes'were purified bf recrystalliza-
tion and/or sublimation and were checked by measurement of
their absorption and‘low temperature emission-spectra. Agree-
ment bétween the .lifetimes ob@ained‘and those reported in the
literature was very good indeed. The results are summarized
in Table 3.1. |

In a typical decay time experiment an excitation wave-
length of 254 nm was used to excite styrene solutions of known
optical density (0.45 in cyclohexane and 0.1 in 3-methyl-
pentane in a 1 cm cell). One mm slits were used on the 0.25
m monochromator, resulting in a bandpass of 1.8 nﬁ. A Corning
CS7-51 color filter was placed between the sample ‘and the
detector to eliminate scattered exciting radiation. Room
temperature samples were contained in a cyliﬁdricél quartz
tub§ equipped with a Rota-Flo greaseless falve, and deoxygena-
tion was accomplished by several freeze-pump-thaw cycles. |
77 K samples were contained ina2cmx 2cmXx 2 cm copper

block fitted with’ih;pé.b.75 inch diameter quartz windows
R oy ‘
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Table 3.1

Singlet Decay Times of some Standard Substances’

". Solute® Concentration Measured Reported Reference
(moles/1) Lifetime (nus) Lifetime (ns)
Pyrene  1.5x107° 425,442 408 107
| 435 108
Naphtha- 1.5x10% 108,110 96 42
lene 109 109
120 110
Phenan- 6.3x10"° 56.7 55.8 109
threne 56.0 111
57.5 42
Quinine 1.0x107% 9.3  19.2 112
Sulphate
¥ o 19.2 42
H,S0, . 19.4 113
Fluor-  5.0x107° 6.65,6.82 6.9%0.5 114
ene
Anthra- 1.07x10°%  5.00,5.07,5.13 4.9 42
cene 4,94 115
| 5.03 116
p-Ter- i.0x107° 0.92,1.02 0.95 42
phenyl ' 0.93 117

a: The solvent used was Baker GC Spectrophotometric Grade

cyclohexane, unless otherwise stated.

46
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(Esco, Products,Inc.). The copper block was mounted at the tip
of an Air Products Cryo-Tip LC-1-100 liquid nltrogen insert. -
The samples were degassed by bubbling argon through the solu-
tion. To allow thermal equilibrium to be established, accumula-
tion of data began at leaet one hour after preparation of the
low temperature sample. In all decay time experiments at least

10%

counts in the peak channel were collected The average
fluorescence photon count rate was kept to 3 4% of the flash
repetition .rate in order to prevent distortion due to pulse
. pile-up. . | |

The experimental lamp decay profile was obtained using a
Ludox SM scattering solution at the same excitation wavelength
as thet used to excite the sample. The apparent optical den-.
sity of the scatterer was adjusted to be approximately equal
to the absorbance of the sample solution, as advised by Lewis

1(39)

et al Both the lamp profile and sample decay data were

required for use in the ITCONV computer_program*..'Ihis program

(96,97)

used the technique of reiterative convolution to solve

the convolution integral (Equation 2.45).

3.4 Determination of Fluorescence Quantum Yields

The room temperature fluorescence quantum yields of the
four styrenes 1in cyclohexane solution were obtained using an
Aminco-Bowman spectrofluorimeter. The reference solution

chosen was biphenyl in c¢yclohexane, for which a value of the

*A copy of this program was kindly supplied by Dr. T. Nemzek.

AN
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fluorescence yield of 0.18 has been reported(lls). Sample
 and reference_solutions of 0.D.=0.45 at 250 nm were contained
in stoppered 1 cm quartz.cuvettes,-and were deoxygenated by
argon bubbling. No spectral correction for the responsé of
thé'emission monochromator-detection system was necessary
since there was very good overlap of thé sample and reference
fluorescence spectr;. |

Quantum yields at room temperature and at 77 X using
3-methylpentane as solvent yere obtained using basically the
same apparatus as was used for obtaining the low téhperature
emission spectra (Section 3.2.3). In these experiments, how-
ever, the light source was a low pressufe Hg lamp placed'at
the entrance slit of the 0.25 m monochromator,which was set
to pass the 253.7 nm Hg resonance line. Also, a 10 cm path
of chlorine gas was placed behind thé exit slit of the mono-
chromator to remove the unwanted mercury lines passed as scat-
tered light. The Hg lamp was allowed to warm up for at least
three hours before spectra were taken. The reference compound
was 9,10-diphenylanthracene,also in 3-methylpentane. Morris,
Mahaney and Huber(llg) have determined a Ly for this solution
of 0.93. ' However, only excitation wavelengths between 357 nm
anﬁ”SSO nm were used. Névertheless, a ¢g of 0.93 was assumed
for 254 nm excitation.at room temperature, since Heinrich;
Schoof and Gusten(106) have found that ¢ ¢ is the same for both
254 nm and 366 nm excitation for‘9,10-DPA in several solvents.
Also, since Tg for 9,10-DPA has the same value at room temper-

ature and at 77 K in S-MP(llg), it has been assumed that ¢f=0.93
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-,
LT

for 254 nm excitation at 77 K (in'EPA solvent, ¢ hés the

same value at both 300 K and 77 K(lZO 121))

The copper block
sample compartment described in Section 3.3 was used. The ab- /’J
sorbance/cm of both sample and reference solutions was 0.10 at
-2553.7 nm. Slnce the same apparatus was not used to obtain

both the optical density of the solutions and their emission
spectra, both the Cary 14 spectrophotometer and the 0.25 m

monochromator of the em1551on apparatus were callbrated using

a low pressure Hg lamp.

-
v
)

Cofrectéd styrene and 9,10-DPA fluorescence spectra were
obtained by employing a: standard. quartz-iodine lamp (Electro-
Optics Corporation) to calibrate the 0.5 m monochromator-RCA
8575 photomultiplier detection system: A graph of the relative
sensitivity correcfion.factor 1/SA (see Equation 1.44) versus
wavelength is shown in Figure 3.5. The emission monochromator
s1it width used to obtain this curve was 300 u, the slit width
used for obtaining the fluorescence spectra. Areas under the
corrected fluorescence spectra were obtained by the cut-and-
weigh teLhnlque

Room temperature fluorescence quantum vields of the deu-
terated styrenes, using styrene-h8 as st?ndard, were obtained
using a cylindrical quartz éample'tube equipped with a Rota-Flo
valve. The emission apparatus, concentrationm, and deoxygen-
ation procedure were the same as that just desuribed for the
experiments using the copper block sample holder and 9,10-DPA
as the reference compound. ‘¢f for the styrene~h8 standard

was the value obtained using this latter method” The spectra
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-were not corrected' for instrumental response variations with

wavelength. Areas were obtained by cutting and weighing, as

before.

3.5 Triplet-Triplet Energy Transfer Work

The transfer of triplef excitation energy from aceto-
phenone to styrene was observed by monitoring the change in
the phosphorescence lifetime of fhe sensitizer with varying
amounts of added styrene. The signal was taken from the elec-
trometer into a Hewlett-Packard 132ZA Dual Beam Oscilloscope,
and the decay was photographed using a Hewlett-Packard 196B
Oscilloscope Camera. Excitation was provided by a xenon flash
lamp filtered by means of a Corning CS7-51 color filter. The
half-width of the flash was ~150 us. The acetophenone con-
centration (in a 1:1 by volume diethyl ether-isopentané glass
at 77 K) was 2)(10_2 M, while tﬁé"concentration of styrene
ranged frpm 0.1 M to 0.5 M. Acetophenone phosphorescence was

menitored at A=447.5 nm,



CHAPTER FOUR

ANALYSIS OF THE INFRARED AND -RAMAN SPECTRA

4.1 Introduction ‘ C |

The most complete analyses of the vibrational spectra of

styrene-h8 have been given by Pitzer, Guttman and Westrum(ll),

(18), and by Mross and Zundel(lg),

Fateley, Carlson and Dickson
who also studied the corresponding spectra of styrene-da. The
last named authors assigned 32 of the normal vibrations of
C6D5CDCD2, leaving 10 unassigned. The analysis of the vibra- _
tional-%pectra of four isotopic derivatives of styrene, with

the hélp of Raman depolarizatipn ratios and infrared vapor

phase band contours, helps to complete the assignment of the
normal modes of styrene and also makes changes in previous
assignments. The assigned ground state fundamentals of sty-

rene fpund by the above workeré are given in Table 4.1; the

designations vi of the vibrational modes are explained in

Section 4.2.

4.2 Normal Vibrations of Styrene

Styrene has 4Z normal modes of vibration. Under the
symmetry operations of the CS point group these vibrations
are divided into 29 of species a' and 13 of species a'". All
of these modes are predicted to be infrared and Raman active
(Section 2.4.1). The numbering of the fundamentals has been
obtained by using Herzberg's notation(78). By this method,
the vibrations are first grouped according to their symmetry

types, in the order found in the character table for the point

-52-



Table 4.1

1 5-3

Prevﬁously Assigned Ground State Fundamentals of Styrene-hg

Description
of Moded

a' species
vC-H
\Jas=CH2
vC-H
vC-H
vC-H
v(C-H
[
v=CH-
“S=CH2
v(=C
v(C-C
v(C-C
vC-C
v(C-C
BS=CH2
vC-C
B =CH-
BC-H |
X-sens (v C-CHCH,)
BC-H
gC-H -
g C-H
Bas=
g C-H
Ting
X-sens (@ C-C-C)
a C-C-C
B -C=C
X-sens @ C-C-C)

CH2

Pitzer
et al

not

assigned

1636

1601

1581
1495
1320
1415

1301
1280
1204
1181
1155
1070

1030
999
777
622
442
510

Frequency (cm'l)

Fateley
et alC

3092

3081
3060

3027
3010
2981
1632
1602
1578
1495
1450
1413
1318
1305
1290
1203
1182
1156
1083
1035
1021
1001
776
622
440
555

Mross and
Zundeld

-.3087

3080
3059
3045
3029
3009
2979
1630
1575
1600
1447
1493
1413
1334
1318
1304 -
1203
1181
1156
1081

1019
998
772
620

554



|

Table 4;_.1 (continuedﬁa- g

C s . -1 ‘ '.
Description Frequency (cm )
of Mode? o '
‘ _ Pitze Fateley Mross gnd
et al et alC Zundel
a' species ) '
X-sens (8C-CHCH,) 240 242 239
a'" species i
. y=CH- 990 992 o991
YC-H : 982
YC-H - | 988 982
YC-H - " . 909
Y =CH, - 908 909 909
yC-H , 835 840 . 838
YC-H - 730 776 776
$C-C 698 698
Y, s=CH, 560 o
X-sens (¢C-C) 442 440
$C-C 416 440
X-sens (YC-CHCH,) 212 214 215
torsion <33

a: See Table 4.2 for the approximate descriptions corres-
. ponding to these abbreviations.

(122)

b: Reference (11); Wilson notation slightly different

from that given in Table 4.6.

¢: Reference (18); Wilson notation(lzz) slightly different
* from that given in Table 4.6.

(123)

d: Reference (19); Schmidt notation used.
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'group to which the molecule belongs, namely a', a". for C sym-

'._ metry styrene. For each symmetry type, the frequencies ob-

ta1ned for styrene-hg are arranged in descending order, and
_the vibrations are then labelled Vs Vys sees Vg2 startlng

from the totally symmetric modes. The designations of the

- e

42 normal modes of styrene, along w1th their approximate de-
scriptions and the description abbreviations, are found in |
Table 4.2. | |

By treating the subétityeq; as a singie unit X, Randle
and Whiffen(IZG).proﬁdsed a set of approkimate normal modes
in terms of Cartesian displacement vectors for various mono-
substituted benzene vibrations. In addition, a number of
approximate'normal vibrations of the vinyl group in monosub-
stituted ethylenes have been deséribed(lgq). These modes are
showq schematically' in Figures 4.1 and 4.2 respectively.

v

4.3 Analisis

As mentioned previously, all of the. fundamental vibra-

tions of styrene are predicted to be both infrared and Raman
_actlve In the Raman spectra, the most prominent bands’ Had
a' symmetry, and most of these had kQE\?xpectéd low depolar-
ization ratio. )
Another useful tool in the problem of band assignment

is the rotational contour of vapor phase infrared bands. Usy-
ally, the individual rotational lines in a rotation-vibratio
band of a complex mq‘.gule are not observed due to.the limite

spectroscopic resolution of the instrument used. However, . 1f

the overall band envelope or contour can be clearly seen, in-
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Table 4.2

Approximate Descriptions of the Normai Vibrations of Styrene
. ) . . N . [ -

\ .
"Abbreviation - Approximate Normal Mode .

B » ' Description . Designation(s) —
vC-H . ring C-H stretch ‘Vl’ Vg, Vg Ve “6“
BC-H ring C-H in-plane Vims Vias Vops Vois V

‘ . bend 3 - : 172 V19* V20 21 23
YC-H ring C-H out-of- - v AV Vzzs Vzge V
_plane bend 31, '¥32° Y33 35 36
vC-C* : ring C-C stretch v vig? ull,.giz, V13 ;15
‘«C-C-C ring in-plane deform- “258’ Vs “28a
ation X
&C-C _ring out-of-plane v vaaty v
deformation ' 377 733 7 740
* - ring ring breathing mode Voy
vC-CHCH C-C stretch between vigd
2 ‘ : - 18
the benzene ring and
the vinyl group
8C-CHCH,, C-C in-plane deform- vago
ation between the
benzene ring and the
vinyl group
-YC—CHCH2 C-C out-of-plane “413
SN deformation between
the benzene ring and
the vinyl group
{Jas=CH2 antisymmetric C-H vy
stretch of the vinyl '
=CH2 group
BaS=CH2 ahtisymmetric in-plane Voo
deformation of the
vinyl =CH, group , .
Yas=CH2 anptisymmetric out- Vzg ) Q-

plane deformation of the
vinyl =CH, groupb
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Table 4.2 (continued)

* -

Abbreviation Approximate - .. Normal, Mode

Description - Designation(s)
v =CH, - symmetric C-H stretch . Vg
T .. of the viny1'=CH2 o
. group :
BS=CH2 4 . symmetric'in-plane ) | ‘ Q14 v

deformation of the’
" vinyl =CH2 group.

YS=CH2‘ ~ symmetric out-of- ‘ ) Vg
"’ i plane deformation of o
the vinyl."—'CH2 group
v=CH- . C-H stretch of the - 2
viny} =CH- group '
g=CH- " C-H in-plane deform- Vig
ation &¢f the vinyl
=CH- group )
H . ' - C-H out-of-plane Vag
deformation of the '
vinyl =CH- group
. : *»
vC=C C=C stretch in the Vg
: vinyl group
g-C=C ' C=CWin-plane deform- 527
ation :
torsion out-of-plane twist Vao
of vinyl group about
ring-substituent -
single bond
4
a: These vibrations are ones in which the substituent X (in
this case, the vinyl group) moves with appreciable ampli-
tude, and thus the frequencies are sensitive to the mass
of X. The abbreviations for these modes will thus be pre-
fixed by the phrase "X-sens'". ‘
b: This mode has also been described as a7 'cis' C-H wag (;24].

L
This mode has also been described as a ‘trans' C-H wag
and as a "C=C twist" (32 '

"({124)



Figure 4.1

Some Normal Vibrations of Monosubstituted
Benzenes (from reference 127).
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Figure 4.2 Some Normal Vibrations of Monosubstituted
Ethylenes (from reference 124).
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formation on thé direction of the transition moment of the .
band can be obtained. .
The principal moments of inertia for styrene and its
three- isotopic modifications have been calculated from an as-
sumed molecular geometr? (Section 4.4), -and the moleculé is
seen to be an asymmetric top, i.e., I¢> Ib> Ia. The ‘subscripts
a, b, and ¢ refer to the principal. axes of ineftiaIYs) of
the molecule, the a and b axes lying in the symmetfy plane
and the c_axis perpendicular to the plane. For molecules of,
* say, CZv_symmetry‘(gg. benzonitrile), the transition moment
musf’i&e in one of the principal axes, and sé a type A, type
B, or type C band is obtained, dependinglOn whether the tran-
sition moment is parallél to the a, b, or ¢ axis. S;yrene,
however, ha; G symmetry, and so an in-plane transition moment
cannot have a-unique direction associated with it. The a'
modes, then, will have A/B hybrid contours in the vapor spec-
tra. The out-of-plane vibrations of species a' should have
C-type contours, with very prominent Q branches and weak P
and R branches. However, since it was felt that the large
majority of the a' vibrations could be satisfactorily assigned
*from the Raman spectrum, band contour data has been used as
confirmatory evidence only for the a' modesL
The deuﬁerium isotope effect is another valuable aid in
the analysis of vibrational spectra. When an atom in a mole-
éule is replaced by an isotopic atom of the same element,
then to a high order of approximation the potential function

governing the movement of the nuclei is unchanged. The vibra-

tional energy levels are changed, however, because of the
[ ]
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chﬁnge in the mass Ef the molecule. - The magnitude -of t iso-
topic shift of a particular vibrational frequency depen?E on
the extent to which the substituted -atom participates in the
normal vibration. For styrene, deuteration of the vinyl group
would be éxpécted to lower the frequencies of those normal
modes which describe essentially vinyl group vibrations much‘
more than the‘frequenciés of the ring modes. The reverse is
expected for ring deuteration. .

The infrared spectra of the four styrenes are shown in
" Figures 4.3 and 4.4. The Raman spectra are depicted in Fig-
uresl4.5 and 4.6. The band assignments are found in Tables

4.4 and 4.5, and a complete listing of the fundamentals is

lgiven in Table 4.6.

4.3.1 Vibrations Common to Monosubstituted Benzengg-

The thirty ring viprations of monosubstituted benzenes
can be grouped‘ihto seven categories: C-H stretching, C-H-
in-plane bending, C-H out-of-plane bending, C-C stretching,
ring in-plane deformation, ring out-of-plane deformation,
and ‘vibrations maiﬁly involving distortion of the ring-
substituent band. From vibrational studies of various mono-

¥ ® 1=
substituted derivatives of benzene(127 151)

it is known that
twenty-four of these vibrations are essentially insensitivé
to the nature of the substituent. Vafsanyi(lsz) has compiled
a table of expected f}equenCY’ranges for monosubstituted ben-
zene ring vibrations which illustrates this fact. Mross and

Zundel(lss) have made a similar list of expected frequency

ranges for the ring-dg modes, although the number of vibra-’
. P

P
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. ~Figure 4.3
The Infrared Absorption Spectra of Liquid

C.H.CHCH, and CGHSCDCD

65 2 2"
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Figure 4.4
The Infrared Absorption Spectra of Liquid

CGDSCHCH2 and.C6D5CDCD2.
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Figure 4.5

The Raman Spectra of Liquid CGHSCHCH2

and C6H5CDCD
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Figure 4.6

.

~

The Raman Spectra of Liquid C6D5CHCH2‘and C6DSCDCD2.
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.tlonal stud1es done on r1ng deuterated monosuﬁbtltuted benzenes
élwas, at that t1me, very small. Both comp1lat1ons are shown. in
fTable 4 3. Reeently, however _more r1ng deuterated compounds

have been analyzed(129 130 134, 135) and these analyses too
were useful in assigning the fundamentals of the r1ng—deuterated
styremes. ‘ o -
fme C-H‘stretching ;egion in monosobstituted'benzemes

covers the range 3020-3110 cm'}.

.
A

In the infrared thiS'region
~ can look very. complex due to the presence of summation bands

1nvo}v1ng the ring C-C stretching vlbratﬂﬁﬁs(lszl.

In addl-
tion, assignmént'of the five ring C-H stretching vibrations
is made more difficult 'in the case of C6HSCHCH2 by the pre-
.sence‘of the C-H stretching modes of’the'v'nyl group. Never—
theless, vihylfgroup deuteration of CGHSCH:hZ gives a simpler
looking C-H stretching region in the J;frared spectrum and the

four distinct bands in the 3000-3100 crn-1 regiop>of CGHSCHCHZ,

as well as the corresponding bands in CGHSCHC

assigned as C-H stretching vibrations. The fi

, have been

th ring C-H
stretchi;g mode in the ring-protonated styrenes is assigned
to the bémd appegring in the Raman spectrum asAafshouIQet on*
the low frequency side of v,, the most intbnse band infthe
3000 cm -1 region. Upon ring deuteratihp the range of fre- -
quencxes for C D stretches becomes smaller, resultm(i.ln
fewer dlstlnct ‘bands in the infrared for C6D5CHCH2 ahd

CeD CDCD2 The ring - .C-H and C-D stretchlng frequenc1es g1Ven
ﬂﬁ Table 476 are listed merely in order of. decreas;ng fre—

man band for all

'Quency (excépﬁ for od, which is a stro

o



Expected Frequency Regions ‘(em” ) for~ the Normal

HI

’!

of Monosubstltuted Benzenes

De51gnat10n and
Description of Mode

iy

‘Table 4.3

a

v

Frequency Range )

b

cﬁusx CDgX”
~ vC-H 7 3020-3110° 2260-2305"
a— | 1170-1181  860- 880
b | 1018-1031 795- 820
‘¢’ |sC-H 1150-1160 830- 845
d K 1065-1087 785- 835
e— : 1253-1331 © 1000-1050
£ 720- 830 605- 655
g ) 810- 860 655- 695
" h |yC-H 940-- 980 760- 795
i 880- 940 " 735- 770
j= 970-1000 810- 830
k-~ 1575-1614 1535-1580
1 1562-1597. 1535-1580
vC-C 1470-1515 1320-1390

n 1440-1470 1305-1330
o—' . 1300-1350 1260-1295

.p ring . 990-1030 950-965

. -q “X-sens(vC-X) 1100-1280, 990-1230
r  X-sens(aC-C-C) 620- 830 620- 750
s aC-C:C 605~ 630 . - 585- 605
t  X-sens(aC-C- C) 300- 530 260- 530

u,_ﬁ sens (8C-X) ' 160- ¢10 200- 390
v $C-C 680- 700 510- 570
_w eC-C 390- 420 350- 380
x  X-sens (4C-C) 430- 560 350- 490
y X-sens(yC-X) 140~ 250 +  150- 230

. 4

Vibrations |
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Table_4;3;(cdn£inued) - )

. ) . . 'L_*'-.':" . ‘ . .
: See Figure 4.1 for schematic~illustrations of the

letter-designated modes.. The approximate descrip-
tions corresponding to the abbreviations in the
second column under this heading are found in Table

. 4.2.

From reference (132).
From reference (133).



four styrenes for these mddes., - |

" There are five ring C-C stretchihg-modes in monosubsti-
- tuted benzenes. In the styreﬁes these are'designated as Vvqygs
511; Vi3 Vi3 and V45~ In.CGHSCHCHZ, the strong Ramgn band
at 1600 cm ! has been assigned as vyg, whicb.would-be of al-
symmetry if styrene had strict CZv.symmétry. However, the
depolarization ratio is rather high (0.46) for an "ay" mode.

It is known, though, that phenylacetyleﬂ%(lzg)

(130)

and phenyliso-

cyanide show similar behaviour for this mode. Only the

assignment of one more mode in C6H5CHCH2, V{5 deserves com-
ment. This mode is expected to appear in the frequency re-

" gion 1300-1350 cm™ !,

The Raman spectrum of C6H5CHCH2 shows
three polarized bands in this spectral region. Of these, the
band at 1303 cm_l can be discounted since by comparison witﬁ
thé Raman spectrum of C6D5CfHCH2 it’can be assagned to vygy @
C-H bending mode of the vinyl group. Of the ,two remaining
bands, the one at 1334 cm—1 is assigned to vyg by comparison
withthe CH;CDCD, vibrational spectra. This mode is not ex-
pected to‘be substituent-sensitive. In'C6H5CDCD2 V11 is as-
signed to the medium-intensity Raman band at 1585 cm__1 (1586
cm_.1 in tﬁf infraredj. ‘%hqgﬁrequency of vy; is higher in
CGHSCDCDzithan in C6H5CHCH2 perhaps due to theﬁperturbing in-
fluence of vy (which is a vgry strong Raman band in a1l four
styrenes). In CGDSCHCH2 the infrared angd Raman spectra shoﬁ

three bands in the region where Vig and vyq-are expected to
' 1

i

dppear. The weak lowest-frequency Raman band at 1539 cm_

is assigned as v;¢; a band of similar intensity is observed
in the Raman spectrum of CgD.CBCD, at 1535'cm_1.

' * )

69
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The stronger of thé‘remaining two bands, at 1564 em ™1 |
(1563 c:m-1 in CﬁDSCDFDZ) is_assigned to vyg- -
The C-H in-plgne bending'mode Vo3 i_n‘CﬁHSCHCH2 and:

CGHSCDCD2 is expected to appear in the narrow range 1b19-1032

. - 1 l

em . Two polarized Raman bands at 1020 and 1032 cm = are ob-

served in this region for C6HSCHCH2. These bands aré also
seen in the infrared spectrum, the former being of medium in-
tensity ana the latter a weak shoulder on this band. The ap--
pearance of an infrared band at 1026 c:m—1 in CGHSCDCD2 of com-
parable intensify to the 1019 cm'l.band in the infrared spec-
_trum of C6HSCHCH2 en;bles these bands to be assigned to v,z

AThe C-H in-plane bending mode Vy7 has been assigned to bands

at 1289, 1290, 1054, and 1028 cm | for the seriesACGHSCHCHZ:&

CgH:CDCD, , C(DcCHCH,, and CgDCDCD,. - The assignment for

CGDSCDCD2 has been made on the assumption that Vigo the sym-

C

metric bending vibration of the terminal Cﬁz group of the

vinyl substit‘ent, is insensitive to ring deuteration. This
assignment for v;, means that v,, in C¢DCDCD, can be assigned . .-
to the polarized Raman band at 1050 cmﬂl. However, the révefse
gssignment is equally plausible. One possible reason to favor
the first assignment is that the assigned frequency for Vy7 in
CGD CHCH2 is slightly outside the usual frequency range for
this.mode in ring-déuterated monosubstituted benzehes, and any
possibility for vibrétional interaction with Vogy (the anti- ;
§ymmetric bending vibration of the =CH2 Group) is removed by
deuteration of the viqyl group. The two C-H in-plane Sending
'modes Voo and v,z are.assigned to the same frequency iqpcﬁDSCHCHZ,

even though uzs'in CﬁbSCHCH2 falls outside its expected range (795
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-1). These two fundamenxals are often found in close
129, 130 136)

820 cm
proxlmlty in ring- deuterated monosubstltuted benzenes
but at a hlgher frequency than Vopos which appears at 824 cm -1
in the infrared. There is no evidence that v,z in Cg D CHCH2
lies within the frequency faﬁge given by quss and Zundel.
“Although a wgak, polarized Raman band is seen at 810 cm'l in
6D5CDCD2’ it can réasonéblf.be ascribed to viﬁyl groqp mode
V2z2- _

The X-sen;itive fing in-plane deformation mode Vo in
CGHSCHCH2 is expected to have a frequency -in the range 620-
830 cm L. A polarized, medium intensify Raman band is seen
at 775 cm_I. However, t#e strong band near 775 cm "L in the
infrared spectrum of C6H5CHCH7 vapor has a type C band con-
tour. LTherefore, it seems probable that Vos 1s_acc1dentall}
near-degenerate with a ring C-H out-pf-plane”bending mode,
Vg (the "umbrella" vibration? usually of medium to high in-
tensity and found in the range 720-830 cm—l.in monosubstituted
benzenes). This suggestion is supported by the gnélysis of
the C6D5CHCH2 vibrational spectra. From the.approximate
descriptions of v, and vsg (Figure 4.1), ring deuteratioq
is expected to lower the frequency of the latter more, and ,/
so the accidental degeneracy should be lifted. Experimentally,
a type C baﬁd'near 680 em™! in the vapor phase infrared is
observed and can be ascribed to Vg while a weak, but polar:
ized band at 729 cm "1 in the Raman spectrum-of liquid C6DSCHCH2

1s a551gned as Voge In the previous vibrational study of

‘tﬁDSCDCDZ, v,g was not assigned. However, in this work, a
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weak Raman band at 699 em™! having a low p value character-

‘istic of v is detected.. This assignment for v,. is consis-
25 gnmer 25 .

tent with the expected isotepic shift for this mode, ie. 776/
735/729/699 for the series C6 5CHCI—IZ/C6 H.CDCD /C D CHCH /

C6DSCDCD

In the two most recent studies on the vibrational spectra

(18 19)

of styrene the frequency of the X-sensitive ring in-

plane deformation medexvéa has been-assigned as approximately

555 cm'l. ﬁowever, this assignment is thought to be incorrect E
due to the following evidence. Polarized Raman bands in the
series C6H5CHCH2/C6H5CDCDZ/C D CHCH /C D CDCD2 are found at
442/420/433/408 mﬂjﬁ the isotoplc shift being very similar to

that seen for vibration 6a in the molecules phenyiaeetylene(lzg),

(138).

toluene(ls’) and aniline In the fluorescence spectra .

of the four styrenes, bands red-shifted from the ©
by frequencieg near those mentioned above are observed, and
vibration 6a is known to be active in the fluorescence spec-

(8-10,102) Garg(lsg).

tra of other nonosybspituted benzenes
has reported an empirical formula for the calculation of vibra-
tion 6a for monosﬁbstituted benzenes which gives very good
agreement for a wide variety of substituents. Using this
formula, 443 en b is predicted for ve. (vyg in Herzberg nota-
tion) in C6H5CHCH2 It is also to be noted that the assign-
ment of 442 cm’} to V,g 1s consistent with the very recent
work of Green and Harrison(140) on benzaldehyde, which 1is iso-
electronlc W1th styrene. In thelr paper they a551gn vibration
6a in 11qu1d,C6 5CHO to a strong, polarlzed Raman band at 437

—

-



. i ,".m

73 ¢

The frequency.of-uls, the stretching vibration between

the ring carbon atom and the substituent, is assigned to bands -

1

at 1203/1225/1154/1179-£m- for the series CGHSCHCHZ/CGHSCDCDZ/

cﬁnscﬁEHZ/cﬁnscncnz. As in the case of v,g, the activity of
this mode in the fluorescence spectra of the styrenes lends
credence to'this‘assignméﬁf%h_Vinyl group‘deuteration seems to
increase the frequency of vis. An increase in the frequency
of the C-X stretching vibration upén replacing hydrogen for
qeuterium in the#substituent has also been observed in the

(141) (140)

vibrational spectra of toluene and benzaldehyde™’

This effect could be attributed to an increase in the_cohtrib-
ution of the C-H stretching Symmefry coordinates to the normal
coordinate upon deuteration(142).

Either of the two strong bands at 788 and 742 cm_1 in the
liquid phase infrared spectrgm of C6H5CDCD2 can be assigned to
the ring C-H out-of-plane bending mode ”35’ the other being Vig:
a C-H out-of-plane bending mode in the vinyl éroup. The vapor

phase spectrum shows only the band near 740 en” 1

. v
strong type C conto

m}p_have a

ur, the band at 790 em ! Being weak. The
infrared spectrum of C6DSCDCD2 vapor shows a very weak bénd
near 790 cm-l, and the high Raman depolarization ratio for this
band ,in both substituent—deuferated styrenes indicate that it

)

is*of a”'symmetry. A plausible assignment for vg,, then, for

"the series CGHSCHCHZ/CﬁHSCDCDZ/C6D5CHCH2/C6D5CDCD2 is.992/

788/989/789 cm

, although the strong type C contours for this
mode 1in C6H5CHCH2 and C6D5CHCH2 seem to be lost on vinyl group
deuteration- (the published infrared spectra of prqpylene‘and

L)

é
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propylene-dﬁcl43) shbﬁ that‘this_band'is also ﬁot as sharply

’ defined in the deutera;éd.derivative)f This assignment fdr

v 30 leaves 747 cm” for*&ssnin C4DgCDCD,. - This band'displays

the type C band contour that is seen for v ;3 in the other

three styrenes. However, an alternative assignment whereby

vsb andv36 in CGHSCDGD2 and at the same time‘v30 and\?33 in

C6D5CDCD2 are reversed, cannot be,ruled out. '

The ring out-of-plane C-H bending vibration'v32 is
‘expected to give, at best, an e;tremely weak band in the infra-
red and Raman spectra. It is ofﬁen not seen at all as‘a'fun-
damenF;I, but in ring-ﬁrofbnated monosubstituted beﬂz;nes can
be assigned from combination bands in the 1650-2000 en ! region.
in the infrared(144]. This is the method used to assign v32
in bothiC6H5.CHCH2 gnd C6H5CDCD2, and the observation of a very
weak band at 970 cm ! in CgHcCDCD, helps to confirm the vg,
assignment.

The.x-sensitive ring out-of-plane deformation mode Vag
is expecteé-to have a frequency in the range 430-560 cm_l.
ITwo bands are seen in this wavenumber region in liquid CGHSCHCHz,
one at 554 cm.1 and one at 434 cm_i, with the 1atfer being

3 (145)

broad. Jakobsen and Bentley suggest that for monosub-

. . N, .
stituted benzenes with a C=C\ substituent, the frequency

of this mode is near 550 -cm >, Since this mode is of a"
symmetry it should give rise to a type C band in the vapor

\\. hase spectrum. However, the vapor spectrum shows ‘a band near
. Y P P ’ P :

r 1

430 c¢cm - to have a type C contour, while the band near 550 cm

does not, Hence the broad infrared band at 434 cm'l‘is assign-
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ed fo Vzg in CGHSCHCH (That this band is broad can be ex-
plalned by the fact that the frequency of in-plane mode Vg
is close to- that of Vigs and so the band at 434 cm may be

comprlsed of two superimposed bands.) It is interesting to

(14 ) -1

note that Green and Harrison obta1ned a value of 449 cm
forthis mode in the liquid phase 1nfrared spectrum of benz-
aldehyjle. This number agrees welllwitﬁ the value obtained in
this work for styrene. |

The out-of-plane ring deformation mode Va0 is usually
very weak or absent in the infrared spectra of monosubstituted
benzenes. This mode is often found at about 400 cmul. It
has been assigned to a very weak band at 407 c:m-1 in the Raman’
epeetrum of C6H5CHCH2 liquid.l This frequency had not been

6.2,
weak Raman bands appearing as shoulders to thewgow frequency

kietected by the earlier workers. In C i CDCD there are two

side of in-plane ring mode Vsg- The first, at 407 cm -1 can
be assigned to vsérby way of this mode's expeqted isotopic
shift pattern dpon ring and substituent deuteration. The
‘second shoulder, at 398 cm_l, is tentetively assigned te Vao*
The out-of-plane ring deformation mode Vzg is generally
"very strong in.the infrared spectrum and occurs within the
narrow frequency range 680-700 cm_l.- Its assignment in’ the
case of ring-protonated styrenes 1is straightforward: In
C6D5CHCH2 iiqﬁid a“very strong band et 541 cm‘1 in‘fhe infra-
red is observed. However, in the Raman spectrum a polarized

band at 542 cm-1 is present. That the infrared band has a"

symmetry is shown by the observation of a strong type C band
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E contour in the vapor ﬁhase spectrum.near'540 cm'l. Thus, Vzq

| in C¢DcCHCH, is aacidentally near-degenérate'withjaﬁ in-plane
~vibration (3551gned as Va7 a bending mode of the vinyl group).
|In'C6DSCDCD there are two type C bands present in the 500-

600 ;m'l region. Of these, -the higher frequency bard at 554
em L in the liquid is chosen as v, since, as in C.D CHCH,,

675
its overtone is:-observed in the Raman spectrum. A further

o

discussion on the 500-600 cm'l.region of perdeuterated styrene

is given in the analysis of the vinyl group modes.

4.3.2 Vinyl Group Mbvdes

Theré}are 12 vibrationﬁ associated with the vinyl group,
eight of which are in-plane (3 C-H st}etching, 1 C=C stretch-
ing, 3 C-H deformation; and the -C=C deformation modes)i ana
fouf of which are out-of-plane (3 C-H bendiﬁgxmodes and the

torsional mode). Eight of these modes have been well charact-

erized(124’146’147) and consequently assignmenfs for some of

these vibrations in the styrenes were quite readily made.
Fateley et al(lg) gave assignments to only two of the

three vinyl C-H stretching modes. Mross and‘Zundel(lg) found

. Q9
frequencies for all three modes, although one assignment was

in doubt due to the observation of a depolarized band where

one of low p value was expected. The C6D5CHCH ,spectra con-
[N

firm the assignments of Mross and Zundel, although a .polarized

1

band at 2981 cm © in the Raman spectrum of C6H5CHCH2 is seen,

o contrary to their observation.
b N

The C=C stretching vibration in'alkyl substituted ethylenes
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gives rise to a characteristically strong and highly pelar-

ized band in the Raman spectrum in the range 1630-1680 em” 1 (147

This mode, Vg 1n styrene, has been assigned to the very strong.

Raman bands at 1630 and 1629 cm "1 for CgHgCHCH, and- CgDg CHCHZ

respectlvely. Vinyl group deuteratlon lowers the frejuency

of this mode to 1563 and 1574 cm ' in C4H.CDCD, and CgD¢CDCD,.

5

D
|
The antlsymmetrlc bendlng mode of the terminal =CH,

group, “22' is usually weak in both the infrared and Raman
spectra of alkyl monosubstituted ethylenes, and 51nce_1ts
frequency lies in the frequency range of the C-C skeletal de-

formation modes of- the substifuent, a characteristic frequency

is not associated with this vibration. In C6H5CHCH this

mode has been a551gned to weak infrared and Raman bands at 1032

cm ~, in agreement with the work of Fateley g;_gl( )and with
that of Singh and Jalswal(148 149), who recorded and a551gned
the Raman spectra of the isomeric fluoro- and bromo- styrenes.
In CcH 5CDCD2 a polarized Ramaﬁ band at 831 cm‘1 can reasonably

be ascribed to v,,. The corresponding frequencies for \ZY)

in CGDSCHCH and C6D5CDCD are 1006 and 810 cm_1 respectively.

The styrene-d8 valuge had previously'been assigned to v,z by
‘Mross and Zundel. However, this assignment is rejected because
no band near this frequency is seen in either the infrared or-

Raman spectrum of C6DSCHCH2

The C=C in-plane bending mode v,, in C6H5CHCH2 and -

C6DSCHCH2 is readily assigned to the polarized Raman bands at

554 and 542 cm_l respectively. Both Eateley et al and'Mross

and Zundel have considered the 554 cm-1

]
Y

band to be ring mode Vog-

t
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The reason§ for disagreeing with this assignﬁgnt have been

' mentloned in the Vig dlscu551on Upon vinyl group déutéra-, :ﬁ' : '-r
tlon ‘the frequency of v27 drops to 510 cm -1 for'C6H5CDCD2

and to 498 cm "1 for C6DSCDCD2 For these .two isotobic specie§
the Raman band attrlbuted to v27 has a much larger P value S
compared to the substltuenp protonated molecules. Neverthe-
less, the vapor phase,inﬁrared spectrum of CGHSCDCD2 showé'g
type A/B hybrid band near 510 cm_l, indicative of in-plane
polarization. Although no.cérresponding band appears in the r
spectrum of C6DSCDCD2 vapor, the‘assigngd frequency of 498
cm™* in the liquid is consistent with the isotopic behaviour

-of Vg in the other three styrenes.

Only two of the three C-H out-of-plane deformatlons in

the vinyl -group give rise to characteristically strong bands
in the infrared. One of these, Vigo has been discussed pre-

the symmetric wagging vibration of
150)

viously; thg other, Vigo
the =CH2 group, is well known .in both protonated(125’146’
and deuterated(151-153) vinyl-containing’ compounds. The third C-H out-
of-plane deformation, an anrisymmetric twisting vibration of
the =CH2 group (Figure 4.2),5is weaker and has a more variable
intensity. It has been found around 630 em™ ! in the infrared
and Raman spectra of some n;alkyl monosubstituted ethylenes(l46),

%pd has been calculated to appear at 613 cm "l for a substit-
(134)

assigned vzg to the 554 cm”t

uent of infinite mass ‘Fateley gz_gl(l ) tentatlvely

infrared band in CGHSCHCHZ'

~ but the vapor phase spectrUm'shoﬁs that thrs band is in-plane
polarized,'and hence cannot bé‘attributed to vig- Howeyer,'in 5

<

tan

*
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the Raman spectrum a very weak band at . 640 cm -1 just:emergesf

to the high frequency side of the medium 1nten51ty band at 620
cm-l. This observation is more ea511y seen 1n the Raman spec-
tra taken at the lower temperature, and perhaps thlS 15 the
reason why no Raman band at 640 cm’ has been reported in thei-
past. This band, then, id assigned to \’38‘ A weak infrared
and a very weak Raman band at 571 cm -1 in C H CDCD, are also
attributed to Vg althoUgh‘the corresponding vapor phase band
is weak and has an indeterminate pfofile. Theﬂfrequency of

Vig is expected to change little upon ring deuteration. How-

ever, no band attrbutable-to vzg is seen in the 640 em” L
!

region of C D CHCH, (a weak depolarized Raman band at 657 cm*
is also eeen in the Raman spectrum of,CﬁDSCDCDZ, and so can
be reasonably assigned to ring mode v35)7 In addition, it is
interesting to note that v, appears at 679 cm-l, far outside
the ‘frequency range 605-655 cm'l found-for this mode in ring-
deuterated menosubstituted benzenes. One possible expianation
of these two observations is that vibratioaal iﬁteraction has
occarred bétﬁeen V3 and Vig: " There is no evidenée of any vib-
rational band.in the 600-650 cm™ ! region that could be assigned
to Vag- Therefore, Vig has been assumed to lie under v,., the

medium intensity depolarized Raman band at 595 cm_l. This

assignment is, of course, very tentative. In the spectra of

ﬁCGDSCDCDZ three bands appear which could -péssibly be “38 -The

-1

first. of these is a st{ong infrared band at 516 cm . This

band has a strong type C contour lﬁ the vapor phase spectrum.’

The second, -an intense infrared band "at 554 cmTl and which also

. , R ' .
- S i
t .
\ L . .
" o . .
' « . .
.~
W
.
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L Y

a

has a- type C vapor phase contour has already been a551gned

-'tO v37- The third band. appears weaklypln the 1nfrared at =,

' §7i cn“l, and cons1der1ng its 51mllarlt;_1n 1nten51ty and
!ffedueney'eo the 571 cm band in. -CgHgCDCD,, no doubt is
associated with'a vibration of_the vinyl m01ety;“ It is this-
band that is a551gned as vzg- If.fhe‘inFense Sl‘()-crn_.1 bend'
is chosen as vzg, One is then faced nith the problems of . a
large deuterlum shift of a vinyl group“vibration upon ring
ueutefatiOn, and .a great intensity enhancement for this mode . -
‘1n CGDSCDCDE compared te the remaining styrenes. The 516 em”
band is notfeaeily assigned ﬁo a eummetibn.band, so its assign-
ment as a difference band was inveetiéated; An aseignment of
this band as Vag© v41 would. be of the correct frequency and
symmetry, but it is d1ff1cu1t to explaln why a dlfference band

‘would be so 1ntenee Another p0551b1e rat1onale, one thgi
would explaln the’ unexpectedly hlgh intensity of the 517 cm -1

band, is that Vo has 1nteracted via Fermi resonance with the

difference-band vgg-uzgl This would placeé the unperturbed

levels near 535 cm“l.. The reason f;:“;;§T§ﬁTngﬁv37 to the

554 cm’! band has been outlined in.the previous analysis of

the ring modes.

The freﬁuency of the torsional mode Va2 in styrene vapor, -
recently determined from Raman studies, is ~64 cm-l(Z?T. For {
‘the liquid, there is no direct spectral evidence that would

establish a frequency for this mode, the Rayleigh wing presum-
.‘ably obscuring any bands thet could-be assigned to the torsion#i
vfundamental or its overtone. A liquid pnase value can be esti-

2?//

1
- 4
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" cies less than ~ 300 t.:m-1

— R : - : ... . . . ‘ ' l. ) , - ‘81

4

'mated, however,'by.éadingtappfoiimatelyﬁza¥\tn‘th§ }ap6r‘

_phase valuq;A It is knowﬁil%s) that - for vibrationé1'f¥équgn-

» V1iquid®¥vapor":

~of torsional vibr&tié%s about the C-Cx#inglé bond in substi-

(156) indicate that the percentage‘increése

;uted.benzaldehydes
in torsional freqﬁency upon %ping:from gas to liquid phase is
about 20%. This approximation leads to an ‘estimated value. for
Vao in CéHSCHCHz'of 76'cm—1. .Torsionél-frequencies‘for the
other three styrenes-can fhen be estima&ed_by use of the Teiler-
Redlich product rule. By this method, Va2 is assigned aé 76/

66/72/59 cm'1 for the series C6H5CHCH2/C6H5CDCD2/C6DSCHCH2/
C.D_CDCD,; '

6°5 2

-

4.4 Teller-Redlich Product Ratios

The Teller-Redlich product ratios for the a' modes in the
st}reneg.are presented in Table 4.7. The obéerved ratios are
all gfeatér'ihan the calculated ones, as is expected if anhar-
mohicity corrections are neglected. In calculating the pro-
duct ratios for the styrenes, the required moments of inertia

were computed based on .the following bond-lengths(24’157’158):‘

ring C-C, 1.399 A; ring C-H, 1.101 A; vinyl C=C, 1.344 A;

 vinyl C-H, 1.10 A; ring-substituent C-C, 1.467 A. All bond’

angles were assumed to be 120°. The observed product ratios

for the a" modes cannot, of course, be compared with calculated
values without 'experimental data on the frequenéy'of Vaoe For
comparison, some product ratios of'isotopic pairs for some

related monosubstituted benzenes are given in Table 4.8,

* In addition, studies

—
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Table 4.7 ~

96

Teller-Redlich.Product Ratios for a' Modes in the Styrenes

Isotopic Pair

“d3/-hg
-dg/-hg
-dg/-hg

Calc. ) _'Obé.

0.134 0,143
0.0343 | 0.0365
0.00458 ° °0.00502
Table 4.8

$ Error

6.7
6.4
9.6

alnb2 Teller-Redlich'Product Ratios for Some Monosubstituted

Isotopic Pair

a
CGDSCCH/CGHSCCH
b

C. 3

6DSCH3/C6H5CH

c
C6D50H/C6HSOH

Benzenes

0.0342 | 0.0361
0.6344 0.0370
0.0349 0.0382

a: Reference (6); gas phase spectra,

b: Reference (135); liquid phase spectra,

., ¢ Reference (131); gas phase spectra,

$ Error

5.5
7.6

9.6



. S -
These ratios have been calculated using the . fact that for
*_FZV monosubsgx;uped bep;enes! the glland.pz symmgtry‘Spgclgs
together correlate with a' iq Cs symmetry .

97.
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ANALYSIS OF THE FLUORESCENCE AND FLUORESCENCE EXCITATION SPECTRA.

5.1 Vibrational Analysis of the Fluorescence of the Styrenes

The solvent which gave Fhe most'highly resolved fluoresc-
ence spectra was methylcyclohexane., In this solvent the half-
width of the observed bands was 80-100 cm !, .This band width
is somewhat laréer than that which can often be OStained in
spectra exhibiting the Shpol'skii effect. The most likely
reason for thiétés the imperfect "fit" of the styrene molecules
in the methylcyclohexane lattice (ethylcyclohexane, which s
possibly is a better solvent to use due to its more similar
size, does not form a polycrystalline matrix). At 77 K, kT =
54 cm_l, so "hot band" fluorescence is not‘expected to be obscrved.
Torsional mode V4, may be of the order of kT in Fhe.excite¢
éiglc, but the whole of the styrene fluorescence spectrum could
be satisfactorily assigned without recourse to v,, activity.

It is possible, though, that the presence of this low frequency
mode is at least partially responsible for the fairly large band
J}dgh.

N

gbr each isotope the highest frequency fluorescence band

increases in intensity with decreasing concentration relative

to the rest of the fluorescencé spectrum. At concentrations of
.about S:(lO'2 M the uncorrected intensity of this band 1s less

than 10% of that of the most prominent band in the rest of the

-98§-



-6 M or so, 1t is about if‘

spehtrum,-while at cdncentrations of 10
one and onthalﬁ\Giméé as intehsel Th1s ‘is ‘the only band whose
relatxve 1ntens1ty is altered by changlng the styreneqconcentra-'
;1on.' ThlS effect is attr1buted to reabsorptlon of ‘the fluor-
escence. The spectra shown in Figures 5.1 and 5.2 were obtained

with 1073

1074 M solutions. At these concentrations the positions
of the fluorescence bands are identical to those found with more
dllute solut1ons |

The sharpness of the fluorescence spectrum of each isotope
increases to some extent with.decreasing concentratlon. Also,
the spéctra of the vinyl-protonated styrenes were sharper than
those of the vinyl-deuterated isotopes. The éhd;ﬁness of the
fluprescence and fluorescence excitation spectra also depended
on the quality of the pblycrystalline matrix.

Fiﬁally. no phosphorescence was detected for any isotope

at any concentration, and no excimer emission was observed for

any isotope as the concentration was increased.

Styrene-h8

The strong fluorescence band at 34 335 em s ass{gned

as the pure electronic transition. The reasons for assigning

this band as the 0,0 band will be outlined in Section 5.2.

The recent paper by Grajcar and Baudet(ss) gives the 0,0 band

"1 The

of styrene in an n-pentane matrix to be at 34 323 cm
first band to the red of the 0,0 band, at 435 cm_l, is weak
but well-resolved, and is assigned as the 0,\:28 transition.

Grajcar and Baudet assigned this band to 0,v27, Voo being the
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in-plane deformaifﬁn vibrgtion of the vinyl_gro;p. .waevéf.
the anaiysis of the infrared and Raman sbéctrarof the four
isofopic styrenes (Chapter 4) indicgtes_that:thg 435 cm'l
vibration Sh?uld bg assigned to ring vibration vzé. In add-
ition, Vog (t in Whiffen notation) js often‘active in the fluor-

escence spectra of monosubstituted benzenes(s_lo’log).'

1

The medium intensity band at 620 cm ~ is attributed to

the O,v,é transition. This normal mode is derived from the

1'in benzene. This latter

degenerate €2q vibration at 606 cm’
vibration serves as a false origin in benzene's fluorescence.’
The assigﬁment 6f vibronic origins in an electronic absorption
or fluorescence spectrum is often made by obserﬁing band polar-
. tzations that are not the Same as that of the electronic origin
or, if the rcsoldtion is sufficiently high, observing different
rotational band contours from that of the 0,0'band. Ho;evef,
these methods cannot be used when a gotally symmetric vibratipn
1s involved in vibronic coupling since the polarization Qould
be'identical to that of the origin. Nonetheless, when no over-
tone of a relatively strong vibration in an allowed electronic
transition is observed, it‘is reasonable to assume that vibron-
ic mixing is occurring through this vibration. The fluores-
cencé‘spectrum of styrehe-hS is the one in which the region of
the f}rst overtone of the 620 cm  vibration is least over-
lapped by other bands, and no band that could be assigned to
0,2v,, was observed.

The next two bands at 775 em™! and 985 cm™! in the spec-

trum to the red of the 0,0 band, are assigned as transitions



:.101
_involving the totally symmetric'vibrational modes v, and .
'v24 respectlvely Thé'ring breathing mode (v24 in styrene)

is a promlnent v1brat1on in the fluorescence spectrum of
benzene and other monosubstltuted benzenes.

-1

The strong band at 1210 cm ~ to the red of the 0,0 band

—

is as3igned to 0,y18,_the totally symmetric_stretching vibra-'
tion between the ring and the vinyl substituent. .This fré-
quency is observed in combination with most of the other
totélly symmetric active fundamentals in the spectrum, and

its second quantum is seen as.well.

Two very weak bandg at 1295 cm-l and 1315 cmwl-are,assigned
to the fuﬁdamentals VT and Vig reépedtively. These assign-
'menéS are supported by the analysis of the fluorescence spectra
df the other isotopic styrenes. Since thegf‘bands are weak,
any summation bands involving cither Vig OT V7 would prob-
ably be too weak to be observed or would be masked by the more
intense bands.

The weak band found at 1405 c¢m » is attributed to 0,v 4
mode Vg4 is the in-plane scissoring motion of the terminal
. =CH2 group.in the vinvl ﬁoiety.. The two previous gas phase
fluorescence studies and the recent work of Grajcar and Baudet
concur in this assignment. A very weak band, at 1475 cm-l, is
probably 0’“13‘ This frequency is approximately 20 cm'1
lower than the value obtained from infrared and Raman studies
of the pure liquid. However, Grajcar and Baudet(ss) also

observe a weak band in this spectral region and they assign it

to the same mode.
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The most intense band in the fluorescence spectrum ‘other

fhan the 0,0 band is. 3551gned as 0 ug This mode is the
'stretchlng v1brat1on of the C C double bond of the vinyl group

It is a very active mode in the spectrum;-belng observed in

its second and third quanta as well as in?;ombinafion with

-

almost all the other actlve modes

The remalnder of the spectrum is analy*ed up to 6255 cm -1
from the orlgln with a total of 47 bands being analyved The
two previous vibrational analyses of the vapor phase fluorescence
of etyrene-hs(zs'so) extended to less than 3000 cm'l trom the
~origin band, while bands eXtending to about 4000 cm'l from the
origin were reported in frozen ethanolic 5olut10n( 2). Grujcaf
and Baudet(ss) measured 38 and analvzed 21 vibronic bands in
- their analysisiof styrene's fluorescence spectrum in an n-
pentane matrix at 77 K. The main progressions in the spectrum
involve just two modes, Vg and Ve Each progression 1s scen

up to the third quantum. Bands based on combinations of Vg
Vig and 'v,, make up most of the spectrum to the red of the 0,vq
transition. The vibrational analvysis of the st.\.'rene—h8 fluores}
Acence spectrum is given in Table 5.1; the spectrum is giVen in
Figure 5.1.

Stvrene-d3

Vinyvl group deuteration causes a slight blue shift of the
0,0 band of the fluorescence spectrum compared to CO 5LHCHq of
about 25 cm-l . The substituent-sensitive ring modes Vigo

Vo and Vag, aS well as vinyl group mode Vg have shifted
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Figure 5.1 The Uncorrected Fluorescence Spectra of 10

CGHSCHCH2 and CGHSCDCD2 in Polycrystalline

Methylcyclohexane at 77 K.
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'isliﬁhtlf from‘their values in CﬁHSCHCHZ, as is expected " In

RO e 109

 the: fluorescence spectrum of C6H CDCD the band a551gned-as
-‘O,vls 15 nbt as intense as 1n C CHCHZ. In addltlon, the b
weak band appearing at 1405 cm 1 in the fluorescence spectrum

-0f CoHc CHCH2 has. dlsappeared in the CeHcCDCD, spectrum, there-

by conﬁlrmlng its attribution .to V1ny1 group mode V14 in the'
spectrum of the former molecule. - The.ffequency of normal mode

Vigo from the analysis of the infrared and Raman spectra, is

1, and so the 0,v14 transition would be expected to

L3

1048 cm”

be'observed to the red of the strong 0,v24 transjition. No

_ baz} is observed here, but the fluorescence spectrum of

C sCHCH2 gives additional evidence support1ng the 0,v

6 14

assignment in CGHSCHCH2 (see below).

 Another difference in the CGHSCDCD2 fluorescence spectrum
compared to that-of.CGHSCHCH2 is the appearancé of a distinct.
-1 '

band 810 cm to the red of the origin band. It is unlikely

that this ban% is due to a O,UZB transition for two reasons.
First,this transition would probably appear at a higher energy
from the 0,0 band than the 810 cm'% which is observed. Secondly,
no bsn& which could be attribeted to this transition is seen

in aﬁ& of the other styrenes studied. The 810 cm_1 interval,
tpen, correspopds to a fundamental fgﬁquency. The analysis

of the infrared and Raman spectra indicates that the transition
is probably O;vzz; if so, the corresponding band in CGHSCHCH2
is presumably hidden under the strong 0,v24 transition.

As in C6H5CHCH2, the majority of the bands can be analyzed

in terms of the three fundamental vibrations, Vg» Vig and v,,.



Some of the summation bands involving Vig however, are weaker

than their cqunterphrts in the C6HSCHCﬁ2‘spectfum; since the
70,v18 transition itself is weaker. The vibrational analysis:

of the CGHsCDCD2 fluorescence.Spect:um is given in Table 5.1
t ‘ St T ‘
the spectrum is shown in Figure 5.1.

Styrene,-d5
‘ . "% .
Whereas vinyl group'deuteration shifted the position of

1‘

the 0,0 band 25 cm = to higher energy in comparison to the -

Fully protonated species, ring deuteration has a much greater

effect, shifting the 0,0 band “140 cm ! to the blue to 34 47§

cm . The'general appearance of the spectrum is very similar

"to that for CﬁHsCHCH "Again, the six major bands immediately

2 ’
to the red of the 0,0 are assigned as O,v,s (430 cm_l); O,vzﬁ

-1, - -1 -1
(580 cm ), 0,v,5 (730 cm™ 1), 0,v,, (950 cm ), 0,v;g (1150

1

tm'l) and O,ué (1620 ¢ ~). One difference between the two

speé¢tra, however, is the appearance of a weak shoulder at 870
c:rn-l to the red of the origin. This band has been assigned
‘as the O,ulg‘transition. The c?rresponding transition in

C HSCHCH2 would presumably be obscured by the much more intense

6
O,vls transition.

The aﬁpearance of a medium intensity band at 1415 cm'1

to the red of the 0,0 band lends credence to the assignment

! to the red of the origin in CgH CHCH,

as the 0,v;, transition. Also, a new band is now discernable
| 1

of the band 1405 cm
~as a shoulder on the O,va band, at 1550 cm © to the red of the
-origin. This band can be assigned to 0,Vy8 * Vg This band

was not observed in the fluorescence spectrum of C6H5CHCH2

i
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111‘
lbecause the intense 0,vg band is in the same spectral région;
The presence of the‘d,vi4 * vy transition is further évidencel
that vV, 8cts as a false origin in the fluorescence spectrum
of styrene. :Progressions and combinations involfing Voa and
based on one.quantum of Vag can be seéh throughout the spec-
trum. The vibrationqi analysis of the CeDCHCH, fluorescence
'spectrum is given in Table 5.2; the spectrum is shdwn in

Figure 5.2,
Stzrene-d8

——

The 0,0 band of perdeuterated styréne is located at

1 1

34 500 cm

, which is 165 cm™~ to higher energy than that for

CgHiCHCH,. This shift is equal to the sum of the ~hg—+-d and
-h8-+-d5 isotopic shifts of the 0,0 transition. The basic
spectrum (Figure 5.2} remains the same as for all the styrenes.
‘The‘six main active fundamentals are again Vogs Vagr Vags Vogo
vig and Vg and ‘their frequencies agree well.with the vibra-
tional data for C¢D.CDCD, given in Chapter 4. A€ in the
spéctrum of CﬁDSCHCHZ, a weak shoulder on the high energ}
side of the 0,v24 band, at 880 c:m'1 to the red of the origin,
is assigned as O,v19; The strong 0,\)24 transition, fairly
sharp in the spectrum of the other styrenes, is rather broad
in this isotope. Spectra run with a large wavelength s;ale
expansion show the presence of two shoulders near the band

maximum; at 990 cm ! and 1025 em !

to the red of the origin.
These bands have been assigned as the 0'“&6 and 0,v17 transi-
tions respectively.

The'O,v18 transition, a strong band in the. fluorescence
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CgDsCHCH,

£

Intensity

CgDsCDCD;

"Jl | l |
290 310 330 350
Wavelength(nm)

4

Figure 5.2 The Uncorrected Fluorescence Spectra of 10 ' M

C6D5CHCH2 and CGDSCDCD2 in Polycrystalline

Methylcyclohexane at 77 K.
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'Spécfruﬁ‘df CgDgCHCH,, is only of medium‘ihténsity in the
férdeuterated.specieﬁ. Thé same effect was égen in the"
CGHSCHéHZ-CGHgCDCDZ pair.

The progressions and summation bands in CgDgCDCD,
follow the patterns of the other three styrenes. The vibra-
tional anélysisvofmphe C6D5CDCD2 fluorescence spectrum is

given in Table 5.2.

5.2 Analysis of the Fluorescence Excitation Spectra and the

the Symmetry of the First Excited Sinplet State of Styreﬁe

Heﬁburn and Hollas(lsg) have put forward arguments favor-
ing-assignmént of the 288 nm absorption‘band of styrene vapor
as the electronic origin. These workers said that since there
is coincidence of the absorption and fluorescence spectra at
the 288 nm band, then this band must be the 0,0 and is not
vibronically induced, as suggested by King and van Putten(4g!
However, it is known that the pYesence of hot bands in both
absorption and fluorescence spectra can make assignments of_
0,0 transition based on room temperature vapor phase spectra
alone rather tenuous*

In Figure 5.3 are shown the 77 K fluorescence excitation

spectra of CGHSCHCHZ’ CGHSCDCDZ’ CGDSCHCH2 and C6D5CDCD2 in

*Shashidhar and Rao(lﬁo) have completely misassigned the
emission spectrum of phenylacetylene vapor by assigning as the
‘origin band the strong band at 36 370 cm-l. "This band has been
shown by King and S () to be a false origin, S?e true origin
lying at 35 879 ¢m™*. Also, Singh and Laposa( have given
vibrational analyses for the low temperature fluorescence spectra
of phenvlacetylene and three of its deuterium-substituted ana-
logues which substantiate the work of King and So.
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polycrystalline methylcyclohexane. For each of ‘the four
isotopes 0 vg was the mon1tored band. In C H CHCH a strong

band is observed at 34 365_cm-;

and is the lowest frequency
band in the excitation spectrum Slnce the samples were at
a temperature of 77 K, it is very un11ke1y that absorpt1on .

will occur from excited v1brat10nal levels of the ground state.

so that hot bands should not be observed (the only ground

vibrational level that would be populated to any appreciable

extent is Vapr @ non-totally symmetric mode). The 34 365
-1 )

cm band is nearly coincident with the very strong highest

frequency band at 34 335 em ! in the CeH CHCH, fluorescence

spectrum (see Table 5.1). The observed bathochromic shift

of 30 cm-1 is very small, and is very similar to the_Z(J‘cm'1

shift exhibited by the 0,0 transition of phenylacetylene in

(161)

isopentane solid solution £t 7?\K The corresponding

0,0 shifts for the molecules C6 5CDCD.,, CUDSCHCH and
-1

6 SCDCD2 are 40 cm ~, 30 cm -1 and 30 cm -1 respectively.

It is clear that the coincidence of two bands in the low
temperature fluorescence and fluorescence excitation spectra
of styrene and three of its deuteriumfsubstituted analogues

rules out the possibility that these bands are false origins

produced by an intensity-borrowing mechanism. The 34 365 cm—l

band in the fluorescence spectra are therefore assigned as
et
the electronic origin bands in polycrystalline methylcyclo-

I

hexane at 77 K.

Having established the positions of the electronic origin.”

¢

in the low temperature absorption spectra of the four styrenes

Ed

.
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» F}gugé 5.3

-The Uncorrected Fluorescence Excitation Spectra of 1077 M

C.H GHCHZ, CGHSCDCDZ' C6D5CHCH2 gnd FGDSCDCDZ

65
in Polvcrystalline Methylcyclphexane at 77 K.
S
el
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'_this information can now be ;ompared to that obfained £rom
the-vapor phase absorption spectra, shown in Figures 5.4 and
5.5, The previously assigned 0,0 band in CgHcCHCH,, as deter-

-1 (26)

mined by Matsents),.is at 34 761 cm ~. Hui and Rice

repqrted the origin bands of C6H5CHCH2 and CGDSCDCD2 to be

at 34 759 em ! and 34 929 cm U respectively. From the vapor .
_phase absorption sSpectra, the frequencies of the corresponding
bands for the series 66H5CHCH2/C6H5CDCD2/C6D CHCHz[C D.CDCD,

are 34 760/34 780/34 910/34 925 cm’l. The C.HCHCH, and

. 65
' C D CDCD, values are in fair agreement with:those 0of Hui and
Rlce(26) Comparlson of these vapor phase "orlgln bands'" with

the positions of the origin bands in the 77 K fluorescence
excitation spectra shows that there are red shifts from the

1 -1 -1

vapor to solid solution of 395 cm —, 380 cm , 405 cm and

400 em” L for C6H5CHCH2, CGHSCDCDZ’ C6D5CHCH2 and C6D5CDCD
respectively. These shifts compare well with those seen for
other molecules when going from vapor phase to solid solution
‘(see Table 5.3). Of course the position of the 0,0 band in
low temperature absorption and emission spectra is solvent-
dependent. The 0,0 shifts given in Table 5.3 are intended
only to show that the observed shifts for the styrenes are
similar tofthose of other structﬁrally related molecules.
The observed near-coincidence of two bands in the low-
temperature fluorescence and fluorescence excitation spectra
of the styrenes, coupled with the shift of these bands from

the matrix to vapor phase, lead to the conclysion that the

2877 A band in styrene vapor is indeed the electronic origin,



The A«X Vapor Phase Absorption Spectra‘ﬁf

CGH

5

Figure 5

,CHCH2 and C

.4

61ls

chep, !

]

122



10 -+

0.5}

ABSORBANCE
o8

305

-'06H50HGH2

. 1 I . 1

GGH50 DG 02 ‘.

,

] ‘ ] _ |

2600 2700 2800 . 2900
WAVELENGTH (A) '



e v A an o e OSTIDT,

Figure 5.5.

The A-X Vapor Phase Absorption Spectra

CGDSCHCH2 and C6D5CDCD2.
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Table 5.3 -
0,0 Shifts from Vapor to Solid Solution in Some
‘,Substituted‘Behzenesa
Molecule Solvent Red Shift of , References
0,0 Band (cm )
Toluene ‘Cyclohexane 313P 162,163
Phenylacetylene  Isopentane 353° T6,161
Benzonitrile Cyclohexane 445° 164,8
Phenylisocyanide Methylcyclohexane 291" 7,10
Indene - Decalin . 426 165,166

a: all low temperature spectra at 77 K.
b: Vapor pha§e emission 0,0 energy used to calulate red shift.
c: Vapor phase absorption 0,0 energy used to calcg&ate red

shift.
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'and;js not'a'false origin produced bylvibronic couﬁ;ing. Ro-
tational analysis of this 5364(24) indicates that the first
-singlet-singlet.transition is a-axis polérizedticontrary to
the result of other monosubstituted benzenes. ) .

| The fluorescence excitation‘sbectfa are sufficiently
resolved that at least a partial vibrational analysis can be
performed. These are found in Tables 5.4 and 5.5. Since not
much information exists about the vibrational frequencies of
‘excited singlet states of monosuﬂgtituted bgnzenes,'it is
difficult to give unambiguous attributions te all the bands
seen. Table 5.0 giyes a list of some excited:state fundamental
frequéncie§ in some monosubstituted benzenes. With the aid
of this Tabie, an& with a knowledge of expected isotopic
shifts, several‘excited state frequencies can be assigned
with confidence. The first two bands to the blue of the 0,0
band in C6H5CHCH2 are assigned to the O,vég and O,vés transif
tions, respectively (the prime indicates an excited state
frequency). Evidence for these assignments comes from
observation of bands in the deuterated styrenes'of similar
intensity at frequencies consistent with expected isotopic
shifts for these two modes. The fourth band in the C6H5CHbH2

1 to the blue of the origin, is probably

spectrum, at 520 em’
Hbétter assigned to ring mode véé than to vinvl grouﬁ mode v;7,
.although the evidence of the isotopic shift is ambiguous.

The value of 520 cm-l is in good agreement with the frequen-

cies found for this mode in the first excited singlet states
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| Table 5.4 o -
Vibrational ‘Analysis of the Fluorescence Excitation Spectrum of

10°3M C4HCHCH, and 107 °M C¢HCDCD,in Polycrystalline

Methylcyclohexane at 77 K

-
—

_ CGHSCHCH2 : ‘ . C6H5CDCD2
5(cm’1) Aﬁ(cm'l) Assignment i(cm'lj Aﬁ(cm'l) Assignment
-34 365 - 0 : 0,0 34 400 0 0,0
340625 260 (2407 wy® 34 600 200 (225)  vig
34 760 395 (395) vés 34 760 360 (375) vis
34 885 520 (525) vé6 34 905 505 (540) véﬁ
35 135 770 (750) Ve 35 130 730 (705) vl

35 340 975 (955) v 35 370 970 (960) \

. 24 24
. ! ' ]
35 520 1155 “25 +WU28 35 640 1240 (1235) vla
35 575 1210 (1205) via 35 790 1390 vis
' ‘ ' '
35 650 1285 Uis + Uéﬁ 36 065 1665 (1660) U24 + st
35 785 1420 vis 36 330 1930 (LQIU) ZUé4
35 845. 1480 v54 +\Vée 36 385 1985
.36 080 . 1715 (1680) vé4 + Uis 36 605 2205 (2200) UiS + Uéd
' - - t 1
36 290 1925 (1890) 2v24 36 765 2365 ul3 + Via
' 36 820 2420
36 545 2180 (2160) vis + vé4 37 030 2630 (2615) Zvéd + vés
k+ 9 1] 1 L]
36 765 2400 v13 + Vg 37 320 2920 (2885) 3v24
. L] t
37 020 2655 2v24 + vzs
37 285 2920 (2865) 3vé4

(3120) 2v3, + vig

a: Vapor phase absorption value in parentheses,

b: ' = excited state.
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Table 5.5
.Vibrational Analysis of ‘the Fluorescence Excitation Spectrum of
1073M C¢DCHCH, and 1073M C(DCDCD, in Polycrystalline
' Methylcyclohexane at 77 K

C¢DCHCH, | C¢DsCDCD, | .
v(cm'l) AO(cm-l) Assignment 'ﬁ(cm'l) Aﬂ(cmfl) Assignment
. ' : - o
34 505 O 0,0 34 530 0 0,0
34 735 230 (225)%  vyo° 54 745 215 (215)  vig
34 875 370 (385) Vig 34 885 355 (360)  vig
35 010 505 (510)  vi. 34 990 460 vie
35 235 730 (710) Ve 35 220 690 (665) Ve
55 340 835 Vig 35 455 925 (915) V34
35 430 925 (920) Vi, 35 715 1185 | Vig
55 675 1170 (1145)  vig 35 835 1305 (1300)  vig
35 790 1285 (1295) Vi 35 915 1385, Vit Vie
35 890 1385. 36 130 1600 (1585)  v), *+ vic
36 140 1635 (1625) vy, *+ vic 36 255 1725
36 255 1750 vig + vy, 36 375" 1845 (1835) 2v,
56 345 1840 (1845) 2v3, - 36 455 1925
36 525 2020 36 590 2060
36 730 2225 (2235) vl + vy, 36 765 2235 (2220) g+ vj,
36 880 2375 36 835 2305
37 075 2570 (2570) 2vj, + vj. 37 285 2755 ' 3vy,
37 270 2765 (2780) 3v3,

a: Vapor phase absorption value in parentheses.

b: ' = excited state.



Coo128

Table 5.6 N
| :
Excited State Fuﬁdamental‘Frequencies‘of'Some \
Monosubstituted Benzenes

Mode®  CHGCSCH®  CQHGOH®  CeHoNH,Y  CeHN=C®  CoHocant
t 6a 409.7 475.1 492.0 |

r12 716.7 782.7 797.8 - 122 - .702.0
p 1 943.9 934.8 . 953.3 937 938.1
s 6b 560.3 522.8 | 547 507.3
q 13 1191.3 1273.2  1507.2 1174 1181.9
i 9a 950.8 . 957.6 963. 4
b 182  1056.7  975.0-

_u 9b 319 395.5

a: See Table 4.6, footnote "a" for the references for these
two notations.

b: Refe;ence (6).

¢: Reference (167).

d: Reference (138).

e: Reference (7).

f: Reference (4).
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of other monosubstituted benzenes (Tablels}ﬁ)*}”
The next three intense bands in the CGHQCHCHZ excita-

1 1 to the

tion spectrdm, at 770 ecm ~, 975 e gﬂd'1210_cm'
blue of the.origin band, are readilf;aSQigned és.the O,vés;
O,vé4 and 0’”i§ transitions, respectively. The majérity of
the summatiﬁn baﬁds observed ié the excitation spectrum |
involve these three modes. Hui and Rice(26J‘have made the
same éssignments for the corresponding.Qands in the apsorp~_f ‘
tion spectrﬁm of styrene vapor. ' : ’
- The ;ssignment of the band at 1420 crn'l from the‘origil

is more difficult, however. In CGHSCDCD,, the vibrational

structure of the excitation spectrum is very similar to that
of CﬁHSCHCHZ, andvthe band corresponding to the 1420 cm-l
band in the latter molecule appears at 1390 em™t from the
origin. A reasonable assignment for these two bands would:.
be ﬂ,ui, in keeping with vg's appeérance in the 77 K fluores-
cence spectrum. Further evidence in support of this aésign-
ment comes from the UV absorption spectra of a number of‘
haiogen-and methyl-substituted styrenes. Ansari and Sharma(lﬁs)

have tabulated the assigned excited state C=C stretching fre-

quencies for these substituted styrenes; their average is
1

: : [
For styrene itself the listed value of Vg is

~1430 cm”
1484 cn™ . H i ice(26) i :
184 cm ~. However, Hui and Rice have assigned this band

1
to the (],Z\J,,5 transition. A reassignment of this kind capnot

L

2
*Hollas et al(’”)in their recgnt work on th¢ absorption-
spectrum_Tf styrene vapor assign Vyg = 437.4 cm and Vog =
544.6 c¢m
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be made for the correspond1ng bands in the spectra of the
substr&uted styrenes, 50 that the asszgnment of these. bands

as fundamentals 15 probably correctw In any case, since Vg

- is a vibration associated with the vinyl group, the position

of a 0, vg transition should not be greatly affected by ring

deuteratlon However, there are no-prominant bands observed

‘in the f1uorescence_exc1tat10n spectra of C.D.CHCH, and

CGDSCDCD2 about 1400 cm'1 to the blue of the origin. Instead,

1 -1

bands‘at'1285 cm nnd 1305 cm

are seen in the spectra of

CgDCHCH, and. C,D.CDCD, respectivély. It is more likely then,
that the bands at 142b/1390/1285/1305 em ! from the oriéin "
arise frem a vibration essentially localized in the eqéﬁetic‘
ring. An assignment of these bands as the 0,\)13 transition is

made for the following reasons. From the recent two-photon

d6(169,17’0)

excitation spectra of benzene- the frequency of

1 N
“19’ the vibrational mode from which Vi3 in styrene is derived,

is 1209 cm ). Bands at ~1280 cm  have been assigned to this

(171)
6DSC CH.and CGDSC =CD

A recent valence: force field calculation for the 1B2u state
(172) -1

mode in the UV absorption spectra of C
of benhzene predicts that vig in C4He comes at. 1407 cm
" The only other band in the excitation spectre.that may
be assigned as a transition to a fundamental is the weak band

appearing . as a shoulder 835 em ! to the blue of the eriézn
band in C¢D.CHCH,. A possible assignmentfggrsthissband would
be O,vés,_since this_vipr;tion is active in the UV absorption
spectra of several honosubstituted.bennenes (see Table 5.6).

However, the frequency drop uponTEiﬁitation would then be .

o
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,anomaloosly=1ow_for a riné C-D bending mode. - Instead, this
' - : ‘ ¥ .

band is reﬁtatryely assigned to the Q,vig transition. The
correspondihg transition was.elsO‘obServed'in the fluores-
cence spectrum of C6D5CHCH2. i
That the ground and first excited singlet state poten-

tial energy surfaces are similar is eV1denced by the fair
mlrror image relationship between the V1brat10nal envelopes
of the 77 K fluorescence and. fluorescence excitation spectra
Thete are two main differences in the envelopes;

.(i) whexkas the 0’“26 band is more: intense than the 0’”25
band in emission, the fluorescence exciration spectrum shows
0, v25 much more intense than the 0 v;ﬁ band. A similar effect
is seen in the vapor phase abeorptlon spectra of Hollas gE_giZY) :
when the intensity of the hot bands 25{ and 261 are compared to
those of th® cold bands 284 and 26%.  These authors suggested,
two possible explanations for this effect but did not’ pursue
the problem further. |

. (i1) | the 0,u9 band is'strong and forms a progression in
fluoresceﬁce, while it is very weak at best in fluorescence
exciﬁftion. Perturbation by the solvent @s not a factor
causing this behaviour, since the same thing is seen in the

vapor phase absorptien and emission spectra(zz’SOP.

5.3 Discussion of the Fluorescence of the Styrenes

According to the Franck-Condon principle, if the geometry
of the first excited singlet state is significantly different -

from that in the ground state, progressions are expected"in



.

. “J“"

'dl these modes‘convert1ng one‘state 1nto the other.* The work

) of Carrelra anﬂ“Towns(zzz on the\\or51ona1 potent1a1 func-
tlon of styrene vapor 1nd1cates that the molecule is pfanar‘
:= in 1ts ground state. The v1bratlona1 ana1y51s 1n Sectlon 5. 1
1nd1cates that there is no act1V1vy 1n any out-~ of plane
V1brat10ns, so-it is’ 11ke1y that the flrst exc1ted singlet .
state is planar as well . The progre551on in the’ totally
‘symmetrlc r1ng breathlng riode “24 is 1nd1cat1ve of 4 sl1ghtly

expanded but still planar, aromatlc ring. Rotational band

contour analysis performed upon styrene vapor(24) has shown

-
*

that there is-an. overall expan51on of the molecule in the

. exc1ted state:_whlchwls to be etpected for a T ~tran51t10n
The other progressfbn, in vg,.ls 1nterest1ng in view of the
fact that there is only a weak 0, ug transrtlon 1n the fluores-
cence excitation spectrom.' As prev1ously ment1oned the vapor
phase.absorptlon and-enission spectra-behave'similarly. ‘At,
77 X, the fluorescence and fluorescence exc1tat10n 0,0 bands
c01nc1de, so the absorblng and emlttlng states are one and
the .same. The progre551on 1n Vg 1s not long (three members)
and has 1ts max1mum at the 0,0 band indicati g that. in the

'
dlfferent from its value in the ground state
the case if the electronic tran51t10n 1s malnl
the aromatic.ring. /
'The vibrational anal?ses of the fluorescenc spectra are

similar for all four styrenes. Most of the observed bands

fconstitute the allowed component of the spectrum. The false
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t.or1g1n 1s the Olozg tran51t10n and the forbldden component |
uof the spectrum makes up ~20% of the total spectral 1nten51ty
It 1s 1nterest1ng to compare the S0 S tran51t10n of styrene -
with those of some other exocycllc ‘multiple. bond monosubsti-
_tuted benzenes, namely phenylacetylene, benzonitrile, and
phenyllsocyanlde. It has been found in the UV absorptlon and

(6,9)

fluorescence spectra of phenylacetylene and phenyliso-

cyanlde(7 10) that most of the 1nten51ty is vrbronlc in
origin. Benzonltrlle, on the other hand, has.a very strong
allowed component in its spectrum compared to its forbidden

(8) '

' component

One 51mp1e explanation that has been used to explaln‘
this dlffetang behav1our of these 1soelcctron1c molecules
1nv01ves an energy gap argument The amount of vibronic
coupllng 1nvolved 1n an electronlc transition is inversely
proportlonal to the dlfference in energy between the perturbed
and perturblng electronlc states (Equatlon 2.17). Assuming

that the second excited 51ng1et state S, acts as the perturb-

1ng state, the appropiate energy dlfferences are 0. 75 eV

i
’

for phenylacetYlene( ), 0.83 eV for phenyllsocyanlde( 0)
and 1.04 eV for benzonitrilc( ) | These energy values corfe-'
late well with the amount of forhldden character found in the
A-X transitions of ,these moleculés.

Albrech;tl?s), using the Herzberg-Teller formalism for
vibronic transitions, has tound that the amount of '"forbidden"
character is sensitive to the exact nature of the mixing

electronic wavefunctions.J He determined that the matrix

4



R A M—ﬂ

‘.'- :. | "134.

element 15 small W en one o£ the states 15 of charge trans-

fer character anéﬂ he other one 15 mot: - When both states'

\

are largely non- charge transfer, the mattix element is large.

No s1mp1e pred1ct1ons can be made when 'both states are charge-

transfer Muirhead et al(7) have correlated the change in

dlpole moment upon exc1tat1on ‘with the percent allowed char-

acter in- the A «+ X tnan51tlons of several benzene derlvatlves
Transitions with a large Au have a large percentage of alloned
character, and vice versa..’For eranple, benzonitrile has a |
Au'of 0.31 D and has 30% allowed character in.its‘absorption

spectrum, whereae phenylacetylene'and phenylisocyanide_have‘

‘Au values of 0.14 D and 0.13 D respectively, and .each has

25% allowed character. The magnitude of Ap is a measure of
the extent of intramolecular charge tranéfer‘occurring on
excitation,'so that thg5findings of Muirhead gt_gl are con-
sxstent with those of Albrecht S0 long as one assumes that the
perturbing S, state is not charge- transfer in character and
does not vary much from compound to compound.

Muirhead et a1{7) were of the opinion that the very

small value of the change in dipole moment. for the styrene

molecule (laul= 0.13 D(zs)j in addition to the small enmnergy

separation between the first two excited singlet states

s

-

(E - ES1 = 0.55 eV,,ﬁeaSured from the first bands of the
cor:espondlng tran51t1ons) indicate that. v1bron1c coupllng‘
pla\s a large part in the A+—X absorptlon system, and that

in all likelihood the previously assigned ¢,0 band for styrene

is really a vibronic origin. The present work has. shown that



this is not the case, and that there is oﬂ1y~aisma11,amount'
l ’ v
0f‘v1bron1c coupllng 1nvolved 1n the tran51t10n. To get a

small forbidden component, two p0551b111tes arise whlch re-

inforce each otherq - i ’

(1)Xing and van Putten(4 ) have calculated that the low-

1A1‘State in styrene . results from a transition

13

est excited
between two delocalized orbitals, whereas the lowest 2

state results from neafly'equal two-way electron traffié

which have opposite charge-transfer contributions. The A

state has ¥A1 symmetry (in C2 ], as suggested in the prev1ous'--
section. Then if the perturblng state is S,, w1th its energy
separatlon from S1 very favorable for vibronic mltlng, the
perturbation matrix element <¢S IH'lws > must be small.

(173)

Following Albrecht S, must have some degree of charge-

B
-

transfer character. . °

(ii)Higher ene}gf‘singlet‘states Sn are the appropriate‘
perturbing etates; but are burdehed with unfavorable energy
denominators (Esa'ESl = 1.5 eV, measured from the first bands
of the Si« Sy and S1* § absorption‘spee;ra).

Kimura and‘Nagakura(174) have perfermed calculations on
styrene estimating the degree of charge-transfer character in
the B (or Sz) state. They found that eharge-transfer config-
urations contribute S8% to the charecter of this .state:' This
lends credence to the above possibilities for. the small degree
of vibronic interaction in the A +X fluorescence spectrum of

styrene.



~ | CHAPTER SIX

S .
PHOTOPHYSICS OF THE STYRENES

s

The fluorescence decay times of aerated solutions of
A

styrene in cycloheéxane at concentrations of 0.1 .and 0. 2\m1/

liter have been reported as 6.5 and 5.1 ns respectlvely(41)

Berlman(42)‘reported a llfetlme of 11.4 ns for 2x10 -3

M .
"styrene in deoxygenated c&tlohexane solution, while Crosby

and Saliﬁbury(sg) give 12.5 'ns for the decay time of styrene
in cyclohexane, although the concentratlon the last-named
workers used was not given, More recently, Lyons and Turro(do)
repofted a lifetime of 21.7 ns for a dilute (~2x10 M) solu-
tion of styrene in.cyclohexane However, this rf was obtained
just from a plot of the logarithm of:the 1nten51ty VEeTrsus

time, and was not corrected for the temporal width of the

excitation source(l75).

The fluorescence lifetimes and quantum yields of the
four styrenes are contalned in Table 6.1. It was found that

room temperature samples of styrene ~hg exhibited a concentra-,

tion-dependent lifetime. For example, a 1x10_3 M styrene

solution has a lifetime which is shorter than that for a

5

5x10.° M solution by slightly more than one ns. The 11.4 ns

lifetime reported by Beriman*%) for a 2x107°

M solution is
shorter still. The trend toward a shorter decay time with
increasing concentration was also observed by Basile in air-

saturated cyclohexane solutions(41). What is interesting 1is

-136-



~
g ]
-

F¢ <1hueydrq 1oy posn ST 8T°0=7¢ JI
"W ¢-0T 3NOQE ST UOT3BIIUAIUOY “(g/7)
WOM.@GHUQPHOU uaaq 30U BAE( OUﬁOHQMQP SHI3 ut
. W

0TX¢

<9z Q SowWodaq dUdIAIS 103
' 1Ausydrq 103 mﬁ.omme 01 aatleIaxr ‘(Qp) @ouaIaFAy

57INnos UOT3BIIOX2 2yl JFO YIpTM 1exodwal 2yl
pel1stT 5,°1 9yl A13uaiedde ¢ (Qop) 9ouUd133dY

‘(zy) @9D2Ud18F8Y

*U9ATS jou UOT3IBIJUIDUOD ‘(6%) ounmummmm :q

..mﬁmxm:OHuxu utr W m-Ome.ma pue auejuadyiyiaw-¢ UuT W m-Oﬁxm.ﬁz 21t SUQOT}BIJUSDOUO) E
8" ¥ 6°1 87°0 0'sT  ‘adan®a’n
7' L1 5770 v yT  CHOHO @D
L0 6°1 870 povl Lanan’s’
- 272" 0 SLITZEYIT g g
prg 81 51705270 qS TT76°€T  CHOHD HD ouexayo124)
vz . L 9°7  L°T zs-0 (Lz°0)sz'0  8°61 L g1 ‘anan®a’s
9°z © 0°S 9-7 L1 0s'0 (sz'0)yz 0 - ¥6I 6 1 CHoM0®a®D
1 S : : . .
8 1°§ $°2 LT ot 0 (9z°0)¥vZ°0 T°6T 2°¥T Laoan®n®o
i . . . , 2 c g auejuad
6'72° 1°S vz 9°1 97" 0 vZ°0 8°8T 9'vT CHOMDIH?D: -TAUISH-€
X L. A 862 ¥ LL X 862 X LL A 862 X LL 1 862
Iu ' .3
| T, PISTIA Wniueny (su) swr3a31]
mﬂrmu , 01X S3UB1SU0) 931EY 2ouUads8I0NTH aouadsaiontd L23INn10S JUDATOS

‘sauaifig 9yl 103 siuelsuo0’y 21eY PUE SPIATA Wniuend

, o s

1°9 91qel -

“S3mWT3IFTIT AdUIDSAIONTY



138
that the absdrpfﬁon and emission.spéctré of styrene 0V9T13P: £°
a fair exteﬁt at 77 K as shown in Chapter‘S, but also at room
‘tempefature, where phe‘separation of O—O‘bandslin meth}lcxclo-
hexane is small, ©270 em l. The room temperature absorption
and emission spectra in cyclohexane' givenlby Berlman(42) also
shoﬁ a region of spectrai overlap. With increasing styrene
concentration, self-absorption and re-emission of the fluores;
cence should be more pronounced, but such an effect should-.
(119,176).

lengthen the observed lifetime , contrary to ‘the

experimental results. It therefore seems that in more concen-

tratea styrene solutions, some degree of self-quenching occﬁrs,
although no effects could be observed on the fluorescence spec-
trum. To obtain lifetime and quantum yield parameters that are
approaching theif ﬁolecular values, then, the styréne concen-
rations that were usédd toiobtain the data given in Table 6.1
were fairly dilufe. Injfhé lifetime-measurements, good fits
to single exponential &Ecays were obtained‘in all casesl

In general, the fluorescence lifetimes increased with
increasing deuteration. Vinyl group deuteration and ring
deuteration had about the same effect. The decay times at 77
K were about 30% longer than those at room temperature. Room’
temﬁeraturefff's were essentially independent of both solvent‘-
and isotope. At 77 K these yields increased by 100% over their
room temperature values. Errors due to polarization effects
in the low-temperature quantum yields weré not considered to

be important. The value of oo at 77 K for, say, styrene~h8

relative to its value at room temperature was (.48, as opposed



to 0.46 when 9 10 DPA at 77 K was the standard. 'The'absorBL
ing and emlttlng tran51t1on moment dlrectlons are nearly
parallel for styrene but are perpendlcular for 9,10- DPA when
each is excited into its S2 electronic state. However, the

s +SO eransitionS'in theee molecules are diffuse, and as such
the p0551b111ty of exc1t1ng absorption bandJ of different
degrees of polarlzatlon exists, and this .increases the emission

-

isotropy.

‘Biphenyl was chosen ae the fluerescence quantum yield
standard in.éyclohexane solvent because it emits in the same
spectral region as do the styrenes. The qﬁéntum vield was
taken as 0.18 in spite of the fact that the biphenyl concentra-

tion used in the present work was about 20-fold more dilute

(118)

than that used by Berlmen and Steingraber in their deter-

mination of dp- If any concentration quenching of fluorescence
occurs in biphenyl, which is not too likely because of the very
small amount of spectral overlap of the absorption and the

fluoreSCence(42), it should be reflected by a distinctly larger

r

fluorescence decay time at the lower concentration. However,

the 1ifetimelobtained was 16.1 ns, which is essentially-the

same as the 16.0 ns value of Berlman and Steingraber(lls).

L

The radiative rate constant kf ind the non-radiative

rate constant knr were calculated using the relationships

-

5. = Kg (6.1)
£ IEfHEnT
and g
. _ 1 . 6.2
' Tf T Kk_L (6.2
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and are also contained in Table 6.1. The room temperature

results for ;heIStyrenes in both cyclchexane and 3-MP indicate

; 'that'kf is independent of isotope, as is to be expected for

an electronically allowed transition. Also, kf is indepenF
dent of solvent after correction for the 1ndex of refractlon

of the medlum(17 ) by the equation-

i U ©(6.3)

This equation has been verified- for several solutes in both

hydrocarbon and ethanolic solvents over a wide temperature

(177

range Using the average kf over the four isotopes in

each solvent, k; = 0.9x107 sec™}. A calculation of kg based
on the integrated absorption intensity of the A«X transition
was not carried‘out because of the large amount of overlap
this transition has with the more intense B«X transition.
However, an oscillator strength of the A«X transition has
been reported(l74], and an approximate kf can be calculated

using the relationship(l78)

1 1.

wu

. - (6.4)

r
kg

(48]

AV

Hh

wheré f is the osgillator strength,v is the wavenumber of the
absorpf{;;T\ Taking f=0.02(174) and Vv=37000 crn-1 (an average
absorption freﬁuency), ke then becomes 1.8x107 see_l, in
reasonable agreement with the experimental results.

At first glance the 77 K results in 3-methylpentane in

Table 6.1 point to an increase in kf by about 50% compared
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to the room temgefatufe”valueé. Zimmerman‘gg;gllfqund a
similar result for the-strﬁcturallf similar’ 1-phenycyclo-
alkenes(179:180) ' yose of this_incre;se, however, can be
attributed to fhe fefractive index n of 3-methylpentane

increasing from- the high to the low temperature. The cal-

culated value of n at 77 K is based on the formula(lzoflso)

n2(T)-1

STTY R (T #0.4T - ? | (6.5)

where the parameter b is evaluated from the room temperature
refractive index and density p, and the density at low temp-
erature is available from contraction data. The values of

n and p are 1.3765 and 0.6643 g/ml-respectlvely(181).

Also,

N < (182)
V(77 K)/V(293 K) = 0.7845:0.0006 for 3-methylpentane .
Using these data, n(?? K)=1.489. The experimentally observed
kf can now be corrected according to Equation 6.3 to give kf=

1.1x10’ sec™. Comparison with the room temperature value of

1

kg of 0.9x10’ sec”! shows that the temperature variation is

not significant. This effect has been observed in other
systems(53’68’183’184).

In general, the non-radiative rate constant knr can be

written as
k = k. + k. (6.6)

where kisc represents the intersystem crossing rate constant

and kic is the rate constant for internal conversion. It has
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been. demonstrated however, that trans-B- styrene d undergoes
(26)

.

direct trans-cis photo1somerlzatlon Assum1ng that the

'1somer1zatlon proceeds through the 51ng1et manifold, as has

(185)

been demonstrated for trans stllbene , Equatlon 6.6 can

be expressed as

— . - ’ '
knr - kisc * kisom * kic (6'7)

with kicrepresenting internal conversion pathways other than

isomerization. It has also been assumed, as was done by Crosby

39)

and Salisbury( °, that kisc 1s relatively unimportant in

styrene. The basis of this assumption is the small value of

N (179,180)

{sc in a series of 1l-phenylcycloalkenes

Thus the

lack of a significant deuterium 1sotope effect on k nr is

interpreted chiefly as the lack of an isotope effect of klsom

and kic‘ That the majority of knr is found in k; is implied

isom
(39), who suggest that in

by the work of Crosby and Salisbury
styrenes with hidpogen atoms on carbons a to the double bond,
a photochemicéilnon-radiative pathway exists. Styrene, having
no such hydrogen atoms, has the same value of k . as trans-g-
t-butylstyrene, and it is lower than knr for several vinyl-
substituted methylstyrenes. .

The rate parameters calculated from the low temperature
lifetimes and quantum yields show that non-radiative processes
are still important at 77 K. This is in contrast to the
-results of studies of the temperature dependence of the
'flqorescence lifetime end quantum yield of trans-stilbene(68_70)

-~ in which at 77 K, fluorescence is almost completely dominant.
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Thls may - 1nd1cate that tthe 1s a dlstlnct dlfference in the
shape of the tor51ona1 potent1a1 functlon, leading to 1somer-
-1zat10n between styrene and stllbene A d1fference is seen.
in the gheoretlcal calculation of the lower excited 51ng1et
states of these molecules by ab initio-CI rnet:hods(50 66)

For stilbene,'excitation to S1 is predlcted to be followed: bv
otatlon about the C=C bond to the S2 surface, which is iso-
energetic or eyen lower than S, at rotation angles approachlng
‘90°. Internal conversion 1is now enhan;ed since the energy gap

has been minimized. In the case of styrene, an S potential
curve witg a low barrier to fors}on is calculated.‘ |

An eaditional factor to be cqnsidered is the effect of
viscosity on photoisomerization processes. 1£ is known(186)
that a deﬁendence of,a molecular‘reerrangement.on the viscos-
ity of the medium may be seeﬁ if an increase 1in eolume occurs
somewhere along the path‘from.the excited singlet state Qf
the reactant to the Product's ground state. In the specific
case of cis-trans'photoisomefization of olefins, it is"fﬁe
rotation about thé double bond that provides the increase in
molecuiar_volume. ‘If the“rotating parts of styrene and stil-
bene ére compafed, it can be argued that the.increese in vol-
ume will be much sqaller for rotation in styrene than for
rotation in stilbene, due to stilbene's phenyl group. It is
possible, then, that tha»sméller size of styrene makes an |
increase in viscosity less effective at hindering isomer-

ization, compared to stilbene. To see if-a further increase

in viscosity would significantly decrease the rate of non-
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"glass at 77 K is 2. 2x10

radiative decay, the fluorescence decay t1me of a 4x10 Smo

\

- solution of styrene h 1n methylcyclohexane at 77 K was

measured. The v1scb51ty of methylcyclohexane gﬂ%%s at 77

K is-1r2x10 P{187)‘whereas the v1sc051ty of 3 methylpentane

1188) The 11fet1me obtalned was

+

18.5 ns, indicating that at least in the range of hlgh vis®

cosities, the_presence of non-ragaatlve processes at 77K in

styrene cannot be'accounted.fqr by the effects of visgosity. .

toe * . . ) " . - -’ ) » 3 '
In order to try to assess nhe-valldlty of the assumption

that'k is unlmportant in styrene the'intersystem crossing

pathway was circumventped by the use of a triplet sen51t12er,

acetophenone Observatlon of phosphprescence'f0110w1ng trans-

_ e v
fers would 1nd1cate that k sc from S, indeed was small. First

IS

1

-the singlet-triplet absorption spectrum of sﬁcyrene-h8 in

ethyl iodide (1:1 by uelumef was obtained. The lowest wave- -

length band was at 463 nm,] in very good agreement with the
(189)

2_

results of oxygen-ehhanced bsorptien'spectra of Evans
1(190) Sp

and, Crosby et al Ph. horescence 11fet1mes of 2x10

5

M solutlons of acetophenone in dlethyl ether isopentane glass

-

(1:1 by volume) at 77 K were measured as a functlon of ‘the

concentratlon of added styrene The results are shown in

Flgure 6 1 | The 14 ms lifetime ﬁithouthstyrene addition

-

degreased markedly with- 1ncrea51ng styrene concentratlon .

L

~1nd1cat1ng that ‘tfiplet- trrplet transfer was occurrlng Also,

when steady-state excitation was used, the 1nten51ty of

phosphorescence was markedly less to the eye whep styrene was.
4

s

present. However, no difference was detected in the.phos-

N
'

'
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'3phorescence spectrum between samples w1th and w1thout styrene.f-

- Perdeuterat1on would be expected to reduce the relatlve-

contrlbutlon of k compared to styrene, but no phosphores-”

cence was detected when styrene d8 was the acceptor. A_'
poss1b1e explanatron for the very eff1c1ent rad1atzon1ess ~

'_deact1vat1on of styrene s-trlplet state is that there 1s a .

deep ‘absolute minimum in the tor51ona1 potent1a1 functlon

‘at a rotatlon angle of 90 " similar to what is thought to

(63 65)

ex1st for tr1p1et stllbene At the perpend1cu1ar

geometry the S0 and T1 states are ‘close in energy, with the

result a rapld 1ntersystem cr0551ng and no phosphorescence.

(191) k

Very.recently absorptlon from the twisted ¢r1p1et state

of styrene and seyeral of its' derivatives has been observed.

o
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The liquid phase 1nfrared and Raman spectra "of styrene h8,

'd3, fd% and - d have been 1nvest1gated w1th the aid of Raman'
depolar1zat1on ratlos and vapor ‘phase 1nfrared band contours . ) S
Changes have been made to the a551gnments of prev1ous investi-
gators, and‘plau51b1e a551gnments made for the 1arge majorlty of

the 42 normal modes of V1brat10n in each ‘molecule.

The-fluOrescence ‘and fluorescence exc1tat10n spectra of

dilute solutians of the four isotopic styrenes in polycrystalline

methylcyclohexane at 77 K have also been studied. The-fluor:-

-

escence spectra, whlle they are not a good example of quasi-

. 1inearity, are still sufficiently resolved that an ana1y51s of

the vibrational sub-structure can be performed, using the ground
state fundamentalifgequencies obtained from the analysis. of the
vibrational spectra. Qualitativé use‘of the Franck-Condon
principle indicates that styrene is fluorescing from a'planar
excited state configﬁraticn. q?ﬁis result has 'also been found
for a number of substituted benzenes.

From the coincidence of bands in the fluorescence and

L

. fluorescence excitation spectra of each of the four styrgnes,

»

the poaition of the electronic origin has been established.

Using this information in conjunction with the magnitude of the
red shift between tﬁc origin band proposed from previous vapor
phase studies and the low temperature origin, the 1A1 nature

-147-



‘(in C, notatlon) of the K state of styrene has been conflrmed

The fluorescence spectra show the presence of a f& b1dden
component wh1ch is based on one quantum of “26‘ Altho gh thls

V1brat10n is of a' symmetry in C symmetry styrene, it }s derlved

from ‘the degenerate ezg v1bratlon in benzene; this latter vibra- -

_V"
tlon serves as a false or1g1n 1n benzene s fluorescgpce spectrum.

The forbldden component.. contr1butes to only a ‘minor degree to the

total fluorescence. intensity, Th1s result'ls et variance with

mhst wouid expected on the basis of a simple inverse energy
:‘) |

gap argumen hat seems to be followed by a number of monosub-

4
stituted bengzenes. b

1

Ana}ysis of tne fluorescencepexcitation spectra has enabled
several excited state fundamental frequencies to be identified
for each isotope. There is a fairmmirror symmetry relationship
between the flnorescence and fluorescence excitation spectra.

The resolved nature of the 'excitation spectre indicate that a

' Shpol'skii matrix (or alsvo an inert gas matrix) could be used

with a source of monochromatic light that can be scanned through

a given elength rangef such as a tnnaole dye laser, to obtain
Tesolved excitation spectra which would be much simpler
enalyze than conventional vapor phase absorption spectra.
Fluorescence quantum yield and lifetime data have been
obtained for each of the four isotopes of styrene, in cyclo-
hexane and 3-methylpentane at room temperature and in 3-MP
at 77 K. There is a constancy of the radiat%ve rate constant
with isotope, and also with solvent and temperature after

correcting for the change in refractive index with these quan-

ities. There is only a very slight decrease in the'non-

S
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radiative rét?”ééﬂsxant k. with'deuterium‘suﬁstitﬁtion.i.A e e
‘much 1é%g§r.decfease.in knr'is ébtéinedby cooling a room temp-
eiafﬁré sampie to 77 K. The efficiency of non-radiative decay
£rom thé‘i state is still éppfeciaﬁle, however. A hydpggafbon'
soivent Ef much higher viscosity at 77 K did not affect the.
fluorescence de;ayltime appreciably; nér presumably the non- .

_radiativie rate. At 77K non-radiative pathways, principally

cié-trans isomerizgtron, can still cog%ete with fluoreséénce,

as oppoé%d to the situation in trans-stilbené, where §f=1,at
77 K. ‘ |
Triplet-triplet electronic énergy transfer studies from

acetophenone to styrene at 77 K were carried out in an effort
"to observe phosphorescence from'styrene. Although transfer of
mexcitation energy did occur, phosphorescence from the acceptor
was not detected. Similar results were obtained when styrene—d8
was used as the acceptor.’ These resulps'indicate very efficient
radiationless deactivation from triplet styrene.

As for possible future experiments in the areas covered

by this work,.the fluoreécence spectra of the.styrénes could be
furthgf sharpened by using a perfluorohydrocarbon, f;T eXample
pérfluoromethylc}clohexane: as the 1ow¥tempgfaturé solvent so
as to de;reaée solute-solvent interactions. A study of the
fluéfeskence lifetimes and quantum yield§ over a range of temper-
atures and-over ; range of viscosities wguld ﬁelp.to elucidate

the effect that each ha;_on the rates of fluorescence and non-

radiative decay. A measurement of ¢.

isc for. styrene itself wopld

quantify the importance of intersystem crdssing. Finally ‘the use
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LY * . . ,
of an 1sot0p1c spec1es such as_trans-g- styrene d would enable
1somer12at10n, either direct or sen51tlzed to be detected,

and the 1somerlzat10n of styrene under dlfferent cond1t10ns of

temperature, solvent, etc., could be 1nvest1gated

3
~

i\
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