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CHAPTER 1

GENERAL INTRODUCTION

Polymers having photosensitive and/or photoresponsive
groups have potential applications as photo-functional
polymers.l) Photo-Tunctional polymers were first developed in
the field of photolithography. In 1959, Minsk et 31.2} suggested
the applicability of poly(vinyl cinnamate) as a negative-type
photoresist, which utilized polymer-crosslinking by the
photodimerization of cinnamoyl groups. Since then, various
types of photoresists based on the use of photocrosslinking,
photodissociation and photopolymerization have been studied. On
the other hand, Hoegel3) discovered the photoconductivity of
poly(N-vinylcarbazole) (PVCz) in 1962. PVCz was put in practical
use as an organic photoconductor. The mechanism of a carrier
generation and a carrier transport has been investigated

4)

extensively. Recently, from the viewpoint of recording of

information by Ilight, photochromismS)

and photochemical hole
bmrnings) have been studied, though they have not been in
practical use as yet.

Photo-functional polymers utilize the chemical and
physical characteristics of photosensitive groups (chromophores)
attached to the polymer chain. The molecular design of
advanced photo-functional polymers requires basic research on
the photochemistry and photophysics in polymer systems having

chromophores. From this viewpoint, in recent years, polymers



having aromatic chromophores as pendant groups have been
cxtensively studied.?'”) Aromatic compounds are typical
photosensitive chromophores. Their excited states and
deactivation processes have been investigated in detail.l‘g‘) The
photochemical and photophysical properties of polymers are
different from those of low molecular-weight compounds. This is
due to a high local conceniration of chromophores aleng the
polymer chain, which is preserved even in dilute solution., 1In a
polymer system, Llhe interaction between neighboring
chromophores (the neighboring chromophore interaction) is known
to play an important role, In the excited states of
chromophores on a polymer chain, the ncighboring chromophore
interaction induces a highly efficient intramolecular excimer
formation and energy migration along the polymer chain,12-16)

On the olher hand, the photoinduced electron transfer is
an important relaxation procecss of the excited state. By the
photoinduced eclectron transfer, radical ions or excited donor-
acceptor complexes (exciplexes) are formed, which are
intermediates of photochemical reactions. Charge-transfer
intermediates such as radical ions and exciplexes can interact
with a neutral chromophore to form dimer radical ions and
excited Lriple compliexes (exterplexes). In polymer systems
having pendant aromatic chromophores, the interaction of the
charge-transfer intermediates with the neighboring neutral
chromophores is expected to be significant owing to the high
local concentration of chromophores. However, the necighboring
chromophore interaction in the charge-transfer intermediates in
4 polymer system has not yet been fully understood. The aim
of this Lhesis is to clucidate how radical ions and exterplexes
in a polymer system are stabilized by the neighboring

chromophore intecraction. Main experimental tools to be used

arc laser photolysis and fluorescence techniques.

1-1. A Short Survey on Interaction of Radical Cations

(A) Formation of Intermolecular Dimer Radical Cations

The formation of intermolecular dimer radical calions in
aromatic hydrocarbon syvstems has becn studied by means of ESR,
y-ray irradiated rigid matrix method, and pulse radioiysis.
[LLewis et ai.”} and Howarth ct al.lB) measured the ESR spectra
of the radical cations prepared by the oxidation of aromatic
hyvdrocarbons such as naphthalene, anthracenc and pyrene with
SbC15 in dichloromethane. An analysis of the ESR hyperfine
structure suggested that the formed radical cation has a
sandwich and symmetrical dimer structure, where two
chromophores lie in parallel. Willigen ect 31_19) studied the
dimer radical cation of coronene by ESR and indicated the
possible existence of a trimer radical cation.

Many dimer radical cations of aromatic hydrecarbons give
a charge-resonance (CR) band in a near-infrared region. As will
be described in detail in Appendix, the CR band is onc of the
most important characteristiecs of the dimer radical cation; Lhis
band is associated with the transition between two energy levels
of the highest occupied molecular orbital (1I0OMO) spiitted by
charge rcsonance.m} By slightly warming a y-ray irradiated
rigid matrix, Badgcer et a1.21'22) observed CR bands of dimer
radical cations of aromatic hydrocarbons such as naphthalene,
benzene derivatives, anthracene derivatives and pyrene in the
near-infrared region.

Kira et 31.23} studied the optical propertics of the

radical cations of many aromatic hydrocarbons in y-ray



irradiated glassy soilutions at 77 K. A new band and a band
shift caused by warming the glassy matrices have been reported.
The absorplion bands of the dimer radical cation and higher-
order aggregates such as trimer and tetramer radical cations
have been assigned. The results indicate that the CR band
energy decrcases with increasing molecular size, viz, in the
order of naphthalene, phenanthrene, anthracene,
benz{alanthracene and chrysene. This was explained in terms of
a repulsion between filled orbitals of chromophore.24)

The stability of dimer radical cations is also an important
subject to study. The formation of intermolecular dimer radical
cations by aromatic hydrocarbons has been discussed on the
basis of thermodynamic considerations. Badger and

Brockl ehurst25)

estimated the stabilization energies of the dimer
radical calions of benzene derivatives, naphihalene derivatives
and pyrene by using "half of the CR band energy”, and compared
them with those of the excimer. By pulse radiolysis in
benzonitrile, Kira et al.?®) and Rodgersz7) measured, for some
aromatic hydrocarbons, the equilibrium constants between dimer
and monomer radical cations, and estimated the free energy and
enthalpy changes associated with the formation of a dimer
radical cation. The result shows that the interaction of the
dimer radical cation is comparable to or larger than that of

the excimer.

(B) Structure of Dimer Radical Cations
It is generally difficult to determine the structure of the
dimer radical cation. ESR data as described previously merely
indicale a possibility of a symmetrical arrangement.”'lg) The
stability or the degrece of interaction of the dimer radical

cation would depend on Lhe extent of overlapping of two

chromophores. Badger and Hrocklehurst24) scarched for a stable
conformation of the naphthalene dimer radical ecation by !Irrtkel
molecular orbital (MO) calculations. Their results suggest that,
in the case of the intermolecular naphthalene dimer radical
cation, the most stable arrangement is not a perfect sandwich
conformation but the conformation In which the molecular axes
of naphthalenes have some angle cach other. In order to
obtain experimental information on the structure of dimer
radical cations, bichromophoric model compounds which have two
chromophores linked by a methylene chain were used in Che same

28-36)  in these compounds, the

way as in the studies of excimers.
relative conformation of the chromophores is restricted by the
methylene-chain bridge. Thus, different degrees of overlapping
of chromophores can be modeled according to the substitution
position ¢f the chromophore or the configuration of the bridge.

irie et al.37) measured the absorption spectra of the
radical cations of 1,3-, 1,6-, and 1,12-di(2-naphthyl)alkanes in the
glassy matrix at 77 K and in solution at room temperature. They
made the assignment of the absorption bands and suggested a
possible existence of fully-overlapped and partially-overlapped
dimer radical cations of 1,3-di{2-naphthyl)propane. By laser

38) measured the transient absorption

photolysis, Masuhara ct al.
spectra in the visible region for meso- and rac-2,4-di(N-
carbazolyl)pentanes {(m- and r-DCzPe) in the prescnce of an
elecltron acceptor, l,2-dicyanobenzence. They assigned the
absorption bands for meso and racemic isomers to a fully-
overlapped and a partially-overlapped dimer radical cation,

respectively.

(C) Stability of Radical Cation in Polymer Systcms

In polymers with pendant aromalic chromophores, radical



cations of dimer or higher-ordered aggregates would be easily
formed because of the high local concentration of chraomophores.
Irie et a1.3n studied the transient absorption spectra of the
radical cation formed in polystyrene and poly(2-
vinyvlnaphthalene) in a y-ray irradiated glassy matrix at 77 K.
These radical cations showed CR bands in the near-infrared
region cven without warming the matrix. The CR bands were
observed Lo shift Lo shorter wavelengths after annecaling. As

39,40) a transient

for the radical cation formed in PVCz,
absorption band was observed around 730 nm by laser photolysis.
This band was very broad as compared with that of the monomer
radical cation, very likely due to the neighboring chromophorc

1.4]) studied the scavenging recaction of

interaction. Washio et a
the radical cation formed in PVCz by pulse radiolysis and
demonstrated the stabllizatlion of the radical cation by the
neighboring chromophore Interaction. However, no systematic,
detailed investigation on polymer systems has been carried out

vel.

1-2. A Short Survey on Interaction of Radical Anions

Sprague et al.42) detected, by ESR, the dimer radical anion
of' acelonitrile in an upper crystalline phase, produced by 7-
ray irradiation at 77 K. Arai et al.‘m) observed absorption
bands, ascribable to dimer radical anions, in the near-infrared
region by y-ray irradiation of tetramethylfuran solutions which
contain various clectron-accepting olefins. In contrast Lo the
dimer radical cations, there is little information about the
dimer radical anions of aromatic hydrocarbons except for a flew
pieces of information obtained under special conditions; Shida et

al."‘U detected the anthracene dimer radical anion in the 7-ray

irradiated rigid matrix of dianthracene at 77 K. The formation
mechanism of the dimer radical anion was considered to be as
follows; ionization of dianthracene by g¢-ray irradiation causes
its decomposition to a pair of anthraccne and anthracene anitaon.
Then, they Interact with cach other to form a dimer radical
anion. A doublet CR band ascribable to the anthracene dimer
radical anion was observed in the near-infrared region. The
possibility of the stabilization of radical anions by the
interaction with necutral chromophores and of the formation of

dimer radical anions are still under controversy.

1-3. A Short Survey of Excited Triple Complex

The photoinduced electron transfer in a non-polar solvent
leads Lo the formation of an excited complex (exciplex), hecause
in a non-polar solvent, the stabilization of free ions by
solvation cannot be attained. The exciplex plays an important
role as an intermediate in many photochemical reactions, and its
photochemical and photophysical properties have been
Investigated extensively. Since the exciplex is formed by a
partial electron-transfer from an electron donor (D) to an
electron acceptor (A), it is a charge-transfer intermediate of
ionic character and is mainly stabilized by a charge-transfer
interaction. l.Like dimer radical ions, this charge-transfler
intermediate is expected to intcract with a neutral electron
donor or acceptor, forming an oxterplex stabilized by charge-
delocalization.49)

In 1968, Beens and Wellcr.‘m) reported that, lfor a
naphthalene - 1.4-dicyanobenzene (p-DCNB) system, the cxciplex
emission decreases, accompanying a new emission in a longer

Wavelength region, when the naphthalene concentration is



increased. They ascribed this new emission to a DDA type
exterplex with an asymmelrical polar structure, which consisted
of 1two naphthalenes and p-DCNB. Since then, there have been

47-54)  Masuhara et

many studies on the DDA type exterpleXes.
al.,53} who investigated the fluorescent properties of m- and r-
DCzPe in the presence of 1,3-dicyanobenzene, reported that
these diastereomers form a different DDA Lype exterplex; r-
DCzPe forms a exterplex in which two carbazolyl (Cz)
chromophores overlap partially (partially-overlapped exterplex),
while m-DCzPe forms one in which two Cz chromophores overlap
completely with each other (fully-overlapped exterplex).

Polymers having pendant aromatic chromophores arc
expected Lo show efficient exterplex formation or a high
tendency of aggregation due to the high local chromophore
concentration along the chain. Hoyle and Guilletsz] investigatod
a PVCz - dimethyli terephthalate system and a poly(l-
vinyinaphthalene} (P1VN) - p-DCNB system by a time-resolved
fluorescence spectroscopy; the PVCz and PIVN systems showed a
broad emission around 320 nm and around 480 nm. These emissions
were assigned to DDA type cxterplexes. Thus, the neighboring
chromophore interaction contributes to the stabilization of the
charge-transfer state in polymer systems and hence plays an
important role in polymer photochemistry and photophysiecs.

On the contrary, there are only a few reports on DAA
type exterplexes in which a negative charge is delocalized

54,56)  The situation is similar

between two electron acceptors.
Lo that of dimer radical anions. This has becen considered Lo
be due to the small stabilization e¢nergy gained by
delocalization of a negative charge. However, the rcason has
not been {ully understood. Hirata et 31,55) reported, for a

benzonitrile - amine system, Lhe formation of a new type of

higher-order aggregate in the excited state at a high
benzonitrile concentration, and suggested the possibility of the

formation of a DAA exterplex with twe benzonitrile molecules.

1-4. Outline of This Thesis

The aim of this thesis is to investigate the stability of
radical ions and exterplexes in polymer systems having pendant
chromophores and to elucidate the degree of charge
delocalization by the neighboring c¢hromophore interaction. The
degree of charge delocalization should depend on the relative
arrangement of Lhe chromophores or the degree of overlapping
of the chromophores. In this regard, the hichromophoric modcl
compounds in which two chromophores are linked by a methylenc
chain are useful models. 1In this thesis, the relationship
between Lhe dimer structure and the stability of radical ions
and exterplexes is studied by using such hichromophoric model
compounds. On the basis of Lhe result to be obtained, the
charge delocalization by the neighboring chromophore
interaction in polymer systems is discussed. By usc of
carbazolyl and pnaphthyl chromophores as clectron-donating
groups, and terephthalate chromophore as an electron-acceptling
group, the neighboring chromophore interactions of the charge-
transfer intermediates formed in PVCz, poly(vinylnaphthalene)
(PVN), and poely(vinyl methyl terephthalate) (PVMTP) are studied.

This thesis consists of two parts; Part 1 (Chapter 2 - 3)
describes the stability of carbazole radical cation in polymer
and dimeric model compound systems, and Part [I (Chapter 6 - 8)
deals with radical ions of various chromophores.

In Chapter 2, the stability of the carbazole dimer radical

cations is studied for the diastereoisomers, m- and r-DCzPe as



+CH-CHy CHy~CH —CH, —CH —CHa
PVCz DCzPe

Figure 1-1. Molecular structures of PVCz and DCzPe

model systems of PVCz (Figure 1-1). The CR band is measured by
laser photolysis and the stabilization energy is estimated by
the radical cation transfer method. The stability of the dimer
radical cation is discussed in connection with the dimer
structure, viz, the degree of overlapping of carbazole
chromophores. Figure 1-2 shows the conformations of m- and r-
DCzPe. They can take a fully-overlapped and a partially-
overlapped conformation, respectively, because of their different

configurations.

m-DCzPe r-DCzPe

Figure 1-2. Fully-overlapped conformation of m-DCzPe and
partially-overlapped conformation of r-DCzPe.

In Chapter 3, the CR band and the esilimation of 1the
stabilization cnergy for the carbazole radical cation formed in

PVCz arc described. The stability of the radical cation and the

10

degree of charge delocalization are discussed in comparison with
those of the dimeric model compounds and the copolymers of N-
vinylcarbazole.

in Chapter 4, the fluorescence properties of (he DDA
exterplex of PVCz and its dimeric model compounds (Figure 1-1)
with dimethyl terephthalate are examined. The formation
dynamics and the structure of the exterplexes arc described.

In Chapter 5, sleric effccts on Lhe formation of dimer
radical cations and eXterplexes arc investigated by using
poly(3,6-di-tert-butyl-N-vinylcarbazole) and ils dimeric model
compounds (Figure 1-3). The transient absorption spectra of
radical cations are measured in a polar solvent and the

fluorescence properties of exterplexes are measurcd in a non-

(CH,),C CICH,);

4CH-CH.,+ CHy—CH — CH,—CH ~ CH,
N N
Q@)
(CH3),C ClCH4ly  [CHalsC C(CH,);
PBVCz BCzPe
(CH4),C Ha)s

Nr:,(c :

CHy= CH,—CH,

jolG)

(CHL),C C{CH3)5
BCzPr

Figure 1-3. Molecular structures of PBVCz and its dimeric model
compounds.

11



polar solvent, The steric effects on the magnitude of

interaction in thesc charge-transfer states are comparcd with

those in the excimer state.

In Chapter 6, the structure and the stability of

naphthalene dimer radical cations are studied for PVN and their
dimeric model compounds (Figure 1-4). The relationship between
the degree of overlapping of naphthyl chromophores and the
stahility of dimer radical cations is discussed in comparison

with the carbazole systems. As shown in Figure 1-5, each

dimeric model compound can take two types of overlapping of

naphthyl rings; 11DNP and 220NP take a fully-overlapped and a

{CH,-CHY tCH,~CHY
P1VN @
P2VN
CHQ CH2 CH, CH,~CH,-CH,
11DNP ’ ’
22DNP
CHz CH,~ CH2

12DNP

Figure 1-4. Molecular structures of PVN and their dimeric model
compounds.

12

Partial Partial
(a) 12DNP

Partial

(c) 11DNP

Figure 1-5. Overlapped conformations of dinaphthylpropanes,

partially-overlapped conformation, while 12DNP takes two types
of partially-overlapped conformations.

In Chapter 7, theoretical considerations on the formation
of carbazole and naphthalene dimer radical cations are given by
MO calculations. First, by the Austin Model 1 (AM1) MO method,
stable conformations of the fully-overlapped and partially-
overiapped dimer radical cations are determined. Next, the CR
band energy of the dimer radical cations in the stable

coenformation is calculated by CNDO/S and comparcd with

13



experimental results, Finally, the interaction energy is
analyzed by Ab Initio calculations, and Lhe difference botween
carbazole and naphthalene dimer radical cations is discussed.

In Chapter 8, the stabilization of the terephthalate
radical anion in PVMTP (Figure 1-6) is demonstrated by the
radical anion transfer method. In addition, the quenching of
carbazole - terephthalate exciplex by the neighboring
terephthalate chromophore in PVMTP 1is studied. The
characteristics of the stabilization of a negative charge by tLhe
neighboring chromophore interaction is discussed in comparison

with the case of a positive charge.

'(?H - CHZ_)-
0

c{Org-0CH;
0 0

PVMTP

Figure 1-6. Molecular structure of PVMTP.

In Appendix, two methods for estimating the stability of
radical cations are described; one is based on the relationship
between the CR band energy and the stability of radical
cations, and the other is the radical cation transfer mecthod to
evaluate Lhe stabilization energy. Furthermore, a lascr
photolysis apparatus for transient absorption measurements is

introduced.

14
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PART 1

STABILITY OF CARBAZOLE RADICAL CATION
IN POLYMER AND BICHROMOPHORIC MODEL COMPOUNDS



CHAPTER 2

STABILIZATION ENERGY OF CARBAZOLE DIMER RADICAL. CATIONS

2-1. Introduction

The radical cations of some aromatic chromophores form

1-3) 4-

dimer radical cations intrameclecularly or intermolecularly

12) by neighboring chromophore interaction. The characteristic
of the dimer radical cation depends on the overlapping of

9.13) The structures of dimer radical cations have

chromophores.
been studied lor several bichromophoric compounds whose
preferable conformations have been proposed.l‘s)

meso- and rac-2,4-Di(N-carbazelyl)pentane (m- and r-DCzPe)
are uscd as dimerie model compounds of an isotactic and a
syndiotactic dyads of poly(N-vinylcarbazole) (PVCz), respectively.
m-NCzPe can take a sandwich conformation in which two
carbazole chromophores overlap completely, whercas r-DCzPe
hardly takes such a sandwich conlormation because of Lhe steric
hindrance of methyl groups. In fact, m-DCzPe lorms a sandwich
exceimer with a fully-overlapped conformation, and r-DCzPe forms
a sceond excimer with a partially-overlapped conformatir)n.l"“]n

18,19}

DCzPr alse forms the same sandwich excimer as m-DCzPe. In

the case of the radical cations, the change of transient
absorption spectra corresponding to the excimer conformation
was obscrved.Y) NCzPr and m-DCzPe form a dimer radical

18)

calion with a fully-overlapped conformation (fully-overlapped



dimer radical cation), and their absorption bands appear around
760 nm for DCzPr and 770 nm for m-DCzPe. r-DCzPe forms a
dimer radical cation with a partially-overlapped conformation
{partially-overlapped dimer radical cation) and has a broad
absorption band around 710 nm.

In this chapter, the stability of the radical cations for
the dimeric model compounds was estimated by a charge-resonance
(CR) band measurement and by tLhe radical cation transfler
method. The stabilization energy was discussed in connection
with Lhe conformations of two carbazole chromophores, i.e., the

overlapping between two carbazole chromophores.

2-2. Experimental Seclion

2-2-1. Chemicals
(A) Electron Donors (D)

N-Ethylcarbazole {EtCz) was synthesized by N-alkylation of
carbazole and was purified by silica-gel column chromatography
and recrystallization. pDCzPr was prepared from 1,3-
dibromopropane (Wako Pure Chem, Ind.) and sodium carbazo[o.2m
and was purilied by recrystallization lrom a mixturc of
dichloromethane and hexane. The diastereoisomers, r- and m-
DCzPe, were synthoesized from 2.4—di(tosyloxy]pentano..m) which wasg
prepared [rom 2.4-pentanediol (Tokyvo Kasei Kogyo Co.).zn These
diastereoisomers of DCzPe were separated by silica-gel column
chromatLography and by ligquid chromatography (Japan
Spectroscopie Co.) with the eluent of a mixture of hexane and
cthyl acectate (7:1) and were purified by reerystallization from

cethanol.

22

(B) Electron Acceptors (A)
DimethylterephLhalate (DMTP, Wako Pure Chem. Ind.), 1,2-
dicyanobenzene (0o-DCNB, Tokyo Kasei Kogyo Co.) and 1,4-
Dicyanobenzene (p-DCNB, Wako Pure Chem. [nd.) were purified

several times by recrystallization.

(C) Radical Cation Acceptors (Dz)

Similar amine compounds were uscd as a radical cation
acceptor. 4-Dimethylaminostyrene (DMASL) was preparcd [rom 4-
dimethylaminobenzaldehyde (Nakarai Chem.)zz} and was purified by
distillation under a reduced pressurc. NN-Dimethyl-i,4-toluidine
(DMT, Wako Pure Chem. Ind.) and N,N-dimethylaniline (DMA, Wako
Pure Chem. Ind.) were purified by distillation under a reduced
pressure. NN N N'-Tetramethyl-1,4-phenylencdiamine (TMPD, Tokyo
Kasci Kogyo Co.), diphenylamine (DPA, Tokyo Kasci Kogyo Co.),
triphenylamine (TPA, Tokyo Kasei Kogyo Co.), and 1,2-
dimethylindole (DMI, Aldrich Chem. Co.) were purified by

recrystallization.

(D) Solvents
Acctonitrile (MeCN, Wako Pure Chem. [nd.) was refluxed over
i’:;_.O‘_-) scveral times and was fractionally distilled. Spectroscopic
grade of N\N-dimethylformamide (DMIF, DolilLe Spectrosol) was used

without further purilication.

2-2-2, Mcasurcmentis
(A) Transient Absorplion Spectra
The transient absorplion spcclra of radical ions were
measured by Lhe exeimer laser photolysis system.  The carbazole
chromophore was excited by a 308 nm-laser pulse of a XeCl

cxcimer laser (Lambda Physik EMGL101). As a detecltor, a

23



photomultiplier and an InAs pholodiode were used for the
¢ 2-1. Rate constants and free energy change of
measurements in Lhe visible region (350 - 850 nm) and In the Table 2 2 5
radical ecation transfer in ELCz—Dz—A systems,
near-infrared region (600 to 2200 nm), respectively. For the

concentration of carbazole chromophores, the absorbance at 4 2 9u-1 -1 0
¢ No . Dyl /1077M [A]/107*M k.. ./10"M ‘s~ AGY/eV
308 nm was adjusted to about 1.8. p-DCNB (8.0x107% M) was used as 1D 1/ tr '

an eclectron acceptor. The samples were degassed by the freeze-

1 ™PD 2.5 0o-DCNB 2.0 13.1 -1.04
pump-thaw method in a l-cm quartz cell. The measurements were 2 DMAST 2.8 DMTP 1.0 11.0 _0.54
made in DMF at 298 K. 3 DMT 3.6 o-DCNB 1.9 8.9 -0.46
4 MA 4.0 o-DCNB 1.9 9.7 -0.41

= 2] -
(B) Radical Cation Transfer 5 DrA 2.0 pMTP 2.0 7.8 0.23
TH ATEEL ] - " r 6  TPA 2.5 DMTP 2.0 7.8 -0,19
¢ radical cation transfer was mcasure ¥ Lhe ruby . PM A0 DMTP 4 B & = i 8

laser photolysis system. As a delector, the photomultiplier

|
|
|

tube (Hamamaisu, R928) having the faster response time (ca. 5 ns)

was used. The measurements were made in degassed MeCN at 298 K.
Table 2-I1. Rate constants of radical cation transfer

The sets of Dy-D,-A systems measured in this study are listed in
in D]-DMASt—DnTP systems.

Table 2-1 and 2-1I. Dl' Dz and A denote an clectron donor, a

radical calion acceptor and an electron acceplor, respeclively.

The detail of Lhe radical cation transfer method will be i [Dy] [D2]/10-4M [A]/10_2:\1 k‘-"/wgnﬁls-l
described in Appendix. As for the concentration of eleciron al)  pecs DMAST 2.8 DHTP 1.0 11.0

donors (D). the absorbance at 347 nm was adjusted Lo about 9 r-DCzPe DMASL 2.8 DMTP 1.0 9.8

unity. The concentration conditions of Dy and A were shown in 10 m-DCzPe DMASL 2.8 pMTP 1.0 §.2

Table 2-1 and Table 2-11. The rate constants of the I DCzPr DMASL 3.3 DMTP 2.0 6.8
recombination (K.;, Kp.o) and the molar extinction coefficients of

individual ion radicals were determined by the lascr photolysis 1) This system is the same as system No. 2 in Table 2-1.
for Lwo-component systems (D;-A and Dy-A systems). The

transient absorptlion spectra of radical cations, ™PD!, DMASL!,

pMT!, DMAY, DPA! and TPAY, have the absorption peaks at 620, 7-ray irradiation in the rigid matrix of sce-butlyl chloride at
640, 470, 680, 670 and 670 nm, respcclively. The transient 77 K gave an absorption band around 540 - 600 nm, which was
absorption spectrum of DMIY could not be detected by the ascribed to DMIL  The absorption peaks of DMTP. and o-DCNBT
present nanosccond laser photoltysis. This may be due to the appear at 330 nm and 375 nm, respcctively. The absorption
small molar extinetion coefficient of DMIY.  However, DMI under spectra of these radical cations and radical anions were

24 25



confirmed by #7-ray irradiation in rigid matrices of sec-bulyl

chloride and of 2-methyltetrahydrofuran at 77 K, respeclively.23]

{C) Oxidation Potentials

The oxidation potentials of EtCz and the radical caticn
acceprors were measurcd by cyclice voltammetiry, The reference
electrode, Ag/0.01 N Ag® in MeCN, was employed. The potentials
were converted to the ones vs. SCE (EII2): Eyjo = 1.18 V for
KtCz, 1.06 V for DMI, 0.99 V for TPA, 0.95 V for DPA, 0.77 V for

DMA. 0.72 V for DMT, 0.64 V for DMASt, and 0.14 V for TMPD.

2-3. Results

2-3-1. Transient Absorption Spectra

Figure 2-1 shows the transient absorption spectrum of the
EtCz - p-DCNB system in DMFF at 1.5 ps after excitation in Lhe
visible and near-infrared region. Transient absorption bands at
ca. 430 nm and 790 nm were assigned to a radical anion of p-DCNB
(p-DCNBD) and a radical cation of FtCz (EtCz). respectively.‘?q)
No absorption was observed in the near-infrared region (1000 -
2000 nm). Al this concentration of EtCz (l.4x10-3 M), an
intermolecular dimer radical cation does not exist.

As for the dimeric model compounds, the absorption band
of carbazole radical cation (Cz) in the visible region (visible
dimer band) is broader than that of the monomer radical cation,
FtCz! and a new CR band appears in the near-infrared region
where FiCz! has no absorption. Figure 2-2 shows the transient
absorption spectrum of the m-DCzPe - p-DCNB system in DMIF at
1.5 ps after excitation. The ahsorption bands of Cz! appear at
ca. 780 nm”) and at ca. 1600 nm. The former band is shilted to a

wavelength slightly shorter than that of EtCz! and is similar
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Figure 2-1. Transient absorption spectrum of EtCz

in DMF at 1.5 us after excitation: []-.‘.tCz]=l.4x10_3M.

[p-DCNB]=8.0x10" 2M.
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Figure 2-2. Transient absorption spectrum of m-DCzPe
p-DCNB in DMF at 1.5 ps after excitation: {m-DCzPel=6.7x10™ %M,

[P-DCNBI=8.0x10"2M.
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in shape to that of EtCz.. The latter band was ascribed o

the CR band. Figure 2-3 shows the transient absorption

spectrum of the DCzPr - p-DCNB system in DMF at 1.5 ps aflter

excitation. The spectrum of the dimer radical cation is the = /°\

same as that for m-DCzPe. A visible dimer band and a CR band @ °\°z° i &

appear at ca, 770 nm and at 1600 nm, respectivcely. Figure 2-4 Eo_g,— \ TL

shows the transient absorption spectrum of the r-DCzPe - p-DCNB g ° f\

system at 1.5 us after excitation: an absorption band of cz! ;f% \o of i ;ﬁ
around 710 nm3) was very broad and a CR band was observed at 02 \0\ fd?l 3 :‘? &
ca. 1800 nm. Rise times of the CR bands for all samples arc 0\0-\0_0 ’ofo ?g

within a timec resolution of the apparatus (<300 ns) and a much {5l t \o“?'o L .%‘3"?/? L L
higher resolution is necessary to investigate the formation A Wavelength!nrlmooo a0

process of dimer radical cations.

Figure 2-3. Transient absorption spectrum of DCzPr - p-DCNDB

2-3-2.  Relationship between K. and AG in DMF at 1.5 us after excitation: (DCzPrl=7.2x10 *v,

‘ : | p-DENB1=8.0X107 %M.
Al first a standard relationship between the transfer rate

constant {k”} and the free energy change (;—3(}0) of the radical

cation transfer for low molecular-weight compounds was measured
as a refercnce. The rate constant k,. from [EtCz! to Dy was 061 /\G
measured by laser photolysis. Figure 2-5 shows the oscilliograms o- %o

of the transient absorption decay flor the EtCz (D)) systems al

T
o

04
780 nm (the peak wavelength of Lhe absorption band of EtCzh.

The oscillogram (a) shows the decay of EtCz! for the ELCz-DMTP

Absorbance

system at 780 nm: the absorption scarcely decays by the 02r o /°' 9 &

o
: : o S ) ) LY
recombination of EtCz® (le) with DMTP. (A7) in this time Vo Pl ) o

Fa
region. The osciliogram (b) shows tLhe decay of EtCz! for the %o.0-°

1 i I T
FLCz-DMASL-DMTP system (No.2 in Table 2-1) at the same 500 1000
Wavelength / nm

i E— 1 L

.

2000
wavelength: the decay is accelerated. The rale constant kl.r

1

from EtCz' to DMASL was dotermined to be 11.0 x 109 M 's! by

Figure 2-4. Transient absorption specirum of r-bDCzPe -
p-DCNB in DMF at 1.5 zs after excitation: lr—DCzPel=6.9xlﬂ'4\l.
from EtCz' to DMASUL is much faster than that of the lp-DCNBI=8.0x10" %M.

cq. 7 in Appendix, since the rate of the radical cation transfer
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Figure 2-5. Oscillograms of transient absorption decay of
EtCz? at its peak wavelength (780 nm) in radical calion
Lransfer systems in MeCN. (a): ELCz-DMTP, (b): EtLCz-DMASL-
DMTP.  For the concentration, sce Table 2-1,

30

recombination of EtCz! with DMTP.. The rate constant K. for
olher systems was also determined in the same way. Table 2-]
shows Lhe results. These ktr's were confirmed by simulating the
rise of D2f cxcept the EtCz-DMI-DMTP system in which no

absorption of DMIF could be observed.

a
i e—
121
b
— Qo
“010f. .. r-DCzPe \ d
c.:z = O
2 | o mDCzPe _ © 1 N\
<or
- ...BCzPr b
6_
-10 35
AGY eV

Figure 2-6, Relation bctlween ktr and A% in the radical
cation transfer process from EiCz! to D2.

(a): EtCz? --> TMPD (system No. 1), (b): EtCz! --> DMASL
(system No. 2), (e): EtCz! --> DMT (system No. 3), (d): EiCz! --»
DMA (system No. 4), (e): EtCz! --»> DPA (system No. 5), (f):
EtCz! --> TPA (system No. 6), (g): EtCz! --> DMI (system No. 7).
In the case of the dimeric model compounds, AGO of the
radical cation transfer to DMASt was evaluated from ktr as

shown by the dotted lines (see ftext).
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The free energy change (AG6%) of the radical cation
transfer f{rom l)l.+ to Dy is obtained by the difference between

the oxidation potentials of D, and of D,.
AGY = E, ,0(Dy/Dot) ~ By /o(Dy/Dy ) (2-1)
172 D/ Dy- 172'01/Dy-

where  E),,(Dy/Dy") and EVZ(Dl/le) are the oxidation
potentials of D2 and Dl' respectively.

Figure 2-6 shows the relationship between k.. and acY In
the region, AGY < -0.9 eV, the rate constant K. Is diffusion-
controlled and in the region, ac? > -0.9 ev, ktr decreases with
increasing AGO. Experimental values give a smooth curve which
is expected for the electron-transfer reaction, though point €
slightly deviates from the curve. On the basis of this standard
relationship, AG“ for the stabilized systems is estimated by

measuring the transfer rate constant K.

2-3-3. Radical Cation Transfer

The radical cation transfer rate from the radical cation
of various compounds having carbazole chromophores to DMASt
was measured by the laser photolysis method. The rate
constants k;.'s are listed in the last column of Table 2-1I. In
this study only the single radical cation acceptor DMASt was
used for cach system sincce this makes the evaluation of the

stabilization much easier. The rate constant Kk decreases in

Lr
the following order, 9.8 x 109 m1s7! for r-DCzPe, 8.2 x 109
1 ls7! for m-DCzPe and 6.8 x 107 M sl ror DCzPr, whereas K.

from EtCz’ to DMASt is 11.0 x 109 mls71,

32

2-4. Discussion

2-4-1. Stabilization of Dimer Radical Cation

DCzPr and m-DCzPe are known to form the fully-overlapped
dimer radical cations, while r-DCzPe forms the partially-
overlapped dimer radical cation. In these dimeric model
compounds, the peak wavelengths of the CR band are in the
following order; 1800 nm for r-DCzPe and 1600 nm for m-DCzP’e and
nczPr.  As will be described in Appendix, the CR band refllects
directly the degree of chromophore interaction, and the
stronger the interaction, the shorter the peak wavelength of
the CR band. The shift of the CR band suggests that the fully-
overlapped dimer radical cation for m-DCzPe and DCzPr has
stronger interaction than the partially-overlapped dimer radical
cation for r-pCzPe. This was confirmed by the radical cation
transfer method. As shown in Table 2-1I, the rate constants

K
tr
(5.8 x 109 M ls ),  m-pezpet 8.2 x 102 Mlsl) and pCzPr! 6.8 x

's decrease in the order, Etcz! (11.0 x 10° mls™!), r-pezpe!

10? \I_ls_l]. This mecans that the partially-overlapped dimer
radical cation causes the radical cation transfer to DMASL more
easily than the fully-overlapped one. This is due to the
stabilization of Cz! by the neighboring chromophore interaction.
Therefore, the order for ktr's indicates that the fully-
overlapped dimer radical cation is stabler than the partially-

overlapped dimer radical cation.

2-4-9, Thermodynamic Consideration of Stabilization Energy

In the ground state, dimeric model compounds have such
conformations that the steric hindrance is minimized: m-DCzPe
and r-DCzPe have mainly TG and TT conformation, rcsspectivoly.M}

and DCzPr has the conformation such as two carbazole

33



chromophores are farthest apart. These conformations will be
called "open form™ hercaflter. When a radical cation of
carbazole chromophore is photochemically produced, it is
stabilized by the intcraction with the neighboring chromophore
to form the dimer radical calien, in which Lwo carbazole
chromophores overlap with cach other. Such a conformation of
the dimer radical cation will be called “"closed form”. For
DCzPr and m-DCzPe, it corresponds to the completely overlapping
conformation. For r-DCzPe, it corresponds to the partially

overlapping conformation in which two carbazole chromophores

approach a little more closely cach other than tLhose in T

conformation of the ground state. [Figure 2-7 shows a scheme Lo

consider the stabilization of dimer radical cations as desceribed

[oiol

(d)

I elel
U"O AGfO (e)

(Q)

Figure 2-7. Scheme of formation of dimer radical cation.

(a): ground state of open form, (b): localized radical cation
of open form, (¢): loecalized radical cation of closed form,
(di: dimer radical cation, {e): ground state of closed form.

34

above. State (a) is in a ground state with an open form. Stale
(b) is a localized radical cation with an open form: a radical
cation which is frec from the neighboring interaction will be
called "localized radical cation"” and distinguished from the
dimer radical cation. State (d) is a dimer radical cation, which
can be observed by the nanosecond laser photolysis, State (e)
is a ground state dimer (a closed form) formed immediately after
the radical cation transfer f(rom (d) to D2‘ A localized radical
cation with a closed form (¢) is assumed as a transition state in
the course of formation of {(d) from (b). In Lhis manner, it is
supposed that first the conformation changes, and then, a dimer
radical cation is formed by the neighboring interaction. The
arrows in igurce 2-7 show the free cnergy change (AGG) between
individual states. AGeo is a free energy change when the state
(b) goes to the state (c¢) by the conformational change and is
considered to be mainly caused by an entropy term. AGY()
corresponds to an enthalpy term of the charge delocalizalion
since the conformation is held. Therefore, AG.K” is a free
energy change when a dimeric model compound forms state {d)
from state (b), and its entropy term and enthalpy term are
considered to correspond to AGGO and &Gyn. respectively.

The radical cation transfer from the dimer radical cation
(d) to b, is considered to be much faster than the
conformational c¢hange from the closed form (¢) Lo the open [orm
(a). Then the rate constants of the radical cation transfer are
considered to depend on AGdU and not to depend on ;ﬁGrO.
Therefore, the stabilization energy of the dimer radical cation
corresponds to Lhe difference between .E\GO“ and AGdﬂ. When the
oxidation potentials of the open form (eq. 2-2) and the closed
form {(eq. 2-3) are measured, ‘5600 and 3Gd“ can be calculated

from these oxidation potentials.
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—

U’O = @'O + e El/zfopen) (2-2)

The oxidation potential of the open form is taken to be equal
to that of EtCz since the neighboring interaction can be
neglected. Then, the stabilization energy (AE) can be estimated
by the difference between the oxidation potential of EtCz and
that of the closed form (eq. 2-4).

AE

1

0 0
- (86,0 - acgd )

"

E1/2(Open) o E1/2{Closed)

E1/2(EtCz/Etsz} - Ey/p(closed) (2-4)

On the other hand, aGfO is assumed to be egual to aGeo
since both are the conformational energies between the open
form and the closed form, though their states arc different: one
is the state of the radical cation and the other is the neutral
state. Therefore, from another viewpoint the stabilization
cnergy —(AGOU-AGdD) is considered to be equal to —(QGXG+AGQU} (=
—&Gyo}. which corresponds to the enthalpy term in the process

from the localized radical cation te the dimer radical cation.

2-4-3. Stabilization Energy of Dimeric Model Compounds
(A) Oxidation Potentials in the Closed Form
lEq. 2-4 shows that the stabilization energy of dimer
radical cations can be estimated if the oxidation potential of
the closed form of the dimeric model compounds is obtained.

The oxidation potential measured by cyclic voltammetry., however,

36

corresponds to that of the open form {lil/zlopcn)) and not to
El/ziclosed). Therefore, direct cvaluation of El/?_(clnscd) is
impossible. The f(ree energy change (&GO) of the radical cation
transfer is related to the difference between the oxidation
potential of a dimeric modcl compound and that of DMASUL by eq.
2-1. Thus, the oxidation potential (El/zicloscd}) of a dimeric
model compound in the closed form can be estimated from Ac?

using the following cquation,

i

" g +y 0
E.I/Z(CI.OSOGJ EV2(DMAS1:/D.‘1ASI:. ) AG

0.64 - AcY (2-5)

In this study, A(ﬂ} was estimated by using the relation between
AGU and ku. for low molecular weight compounds (Figurc 2-6). In
Figure 2-6, ac! was obtained from the transfer rate constant
Ky in the ordinate as shown by the dotted lines. The values
of AGY and of l-:lfz(closed} arc shown in the sccond and third

columns in Table 2-111, respectively.

Table 2-111. Oxidation potential and stabilization ecnergy of

dimeric model compounds.

compound AGD/GV El/ziclosed}/\f AE/eV
F1Cz -0.541) 1.18 «
r-DCzPe -(.41 1.05 0,13
m-DCzPe -0.24 0.88 0.30
DCzPr -0.13 0.77 .41

1) This value was calcuialed from the oxidation potentials
ol EtCz and DMASL.
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The eoxidation potential E'/:{(closed] decreases in Lhe
order, r-DCzPe (1.05 V vs. SCE), m-DCzPe (0.88 V vs. SCE) and
DCzPr (0.77 V vs. SCE), wherecas that of EtCz is 1.18 V vs. SCE.
This shows that the oxidation potltential decreases with the
increase of the stabilization by the neighboring interaction.

Beens and Weller25} investigated Lhe oxidation potential of
dimers by the emission spectra of D-D-A exterplex. They
estimated the oxidation potential of the naphthalene dimer using

eq. 2-6.
- + - + ¥ v V
Ey/2(D/D%) = By o(DD/DD*) = w'poy = v pay (2-6)

where EI/Q(D/D+) and h'l/z(DD/I)D*) are the oxidation potentials of

max max
wavenumbers of the pcaks of D-A exciplex emission and D-D-A

monomer and dimer, respectively, and v and vy are tLhe
exterplex cmission, respectively. lLater, Masuhara et al. applied
this method to the DCzPe - o-DCNB syste‘.m.zs) In Lhe present
study, the oxidation potential of the dimeric model compounds
was estimated by applying this cquation to the dimeriec model
compound - DVMTP systems in benzene. The values 51/2(9/0+) and
"‘max are taken from the oxidation potential of FEtCz and the
wavenumber of the peak of exciplex emission in the EtCz - DMTP
system, respeclively. The peak wavelength of tLhe exterplex
emission in the dimeric model compound - DMTP systems is about
320 nm for r-DCzPe, 560 nm for m-DCzPe and 550 nm for DCzPr,
whereas the exeiplex in Lhe EtCz - DMTP system appears al ca.
480 nm. Then, the oxidation potentials of the dimeric model
compounds are eslimated Lo be ca. 0.99 V for r-DCzPe, 0.81 V for
m-NDCzPe and 0.85 V for DCzPr. These values agree within #0.1 V
to Lhose estimated by the rate constants of the radical cation

transfer mentioned above.
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(3) Estimate ol Stabilizalion Energy

Eq. 2-4 shows that the stabilization energy (AF)
corresponds to the difference between the oxidation potential
(1.18 V) of EtCz measured by cyclic voltammetry and that
(El/ztclosed}) of the dimeric model compounds in the closed form
listed in Table 2-11I. Thus, by using the values El/ztcloscd} in
Table 2-111, AE can be calculated. The obtained values AFE's arc
listed in the last column in Table 2-1I1: ca. 0.1 eV for r-DCzPe,
0.0 eV for m-DCzPe and 0.4 ¢V for DCzPr. This mecans that the
stabilization of the dimer radical cations is closely related to
the overlapping of the two carbazole rings and that the
stabilization energies are 0.3 - 0.4 eV and 0.1 eV for the Tully-
overlapped dimer radical cation and the partially-overlapped

dimer radical cation, respectively.

2-5. Conclusion

The CR band of the carbazole dimer radical cations was
measured by the nanosecond laser photolysis. The fully-
overlapped dimer radical cation for m-DCzPe and DCzPr shows
the CR band around ca. 1600 nm, while the partially-overlapped
one for r-BCzPe shows the CR band around ca. 1800 nm. This
suggests that the former is stabler than the latter. This was
confirmed quantitatively by the radical cation transfer method.
The dimer radical cations of the dimcric model compounds were
stabilized by the neighboring chromophore interaction in the
order, r-DCzPe, m-DCzPe and DCzPr, and their stabilization
encrgies were estimated to be ca, 0.1 eV, 0.3 eV and 0.4 eV,

respectively.
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CHAPTER 3

STABILITY OF CARBAZOLE RADICAL CATION KFORMED
IN POLY(N-VINYLCARBAZOLE) BY CHARGE DELOCALIZATION

3-1. Introductlion

Carbazole radical cation (Cz!) formed in poly(N-
vinylcarbazole) (PVCz) is stabilized by the neighboring

1) studied the formation

chromophore interaction. Washio et al.
process of Cz! in PVCz and its reactivity by a pulse radiolysis
method and found that the recombination and scavenging
reactions are suppressed by the stabilization.

Masuhara et 31.2) suggested that the dimeric model
compounds. meso- and rac-2.4-di(N-carbazolyl)pentane (m- and r-
DCzPe), form the sandwich dimer radical cation having the fully-
overlapped conformation of carbazole chromophore and the
second dimer radical cation having the partially-overlapped one,
respectively.  Turthermore, in comparison with the absorption
spectra for dimerie model compounds, they concluded that the
transient absorption spectrum of cz! in PvCz is a superposition
of absorption bands of three kinds of dimer radical ('.ations.:”

In the previous chapter, the stability of carbazole dimer
radieal cations was studied for dimeric model compounds of PVCz
in a solution by Lhe radical cation transfer method and by the

charge-resonance (CR) band measurement to understand the

neighboring chromophore interaction of the radical cation. The



stabilization encrgy was estimated to be 0.3 - 0.4 eV for the
fully-overlapped dimer radical cation and ca. 0.1 eV for the
partially-overlapped one.

In this chapter, transient absorption spectra (CR band) of
czt were measured by laser photolysis for PVCz and Lhe
copolymers of MN-vinylcarbazole (VCz) with methyl methacrylate
(MMA) and vinyl acetate (VAc). In the copolymers, the
ncighboring chromophore interaction on Cz! is Interrupted by
the [nert comonomer, MMA or VAc. By investigating the relation
between the CR band and the fraction of VCz In the copolymer,
the degree of the charge delocalization in PVCz was estimated.
By the radical cation transfer method, the stabilization cnergy
of Cz! in PVCz was cstimated quantitatively and compared with

that of the dimer radical cation.

3-2. Experimental Section

3-2-1. Matcrials
(A). Electron Donors (D;)

VCz (Tokyo Kasei Kogyo (Co.) was recrystallized from
methanol and hexane several times. PVCz was prepared by a
radical polymerization initiated by AIBN in degassed benzene at
60 ©C. The molecular weight (M) was determined to be 8x10° by
GPC (Toyo Soda HLC 802 UR) with a G4000H and a OMH columns.
MMA (Wako Pure Chem. Ind.) was washed with aqueous Nay504,
aqueous NaOH and aqueous NaCl, and then dried on Na2804. and
finally distilled under reduced pressure. VAc (Wako Purce Chem.
Ind.) was purified by distillation. The copolymers of VCz with
MA and of VCz with VA¢c were oblrained by a radical
copolymerization Initiated by AIBN in degassed benzene at 60 °C

and was purificd by precipitation three t!mes.4'5) The
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Table 3-1. Monomer feed ratio (F), Ww, the fraction of VCz
(fycy). sequential distributions of VCz (F;, Fy, Fgq, see the
text) for the copolymers of VCz with MMA (A series) and of V(Cz
with VAc (B series).

Copolymer F&  Mw/10°  fyo,  Fy Fy Fq
Al 0.18 1.3 0.07  0.93  0.06 0.0l
A2 0.69 22 0.77 19 0.04
A3 6 : 0.37  0.58  0.28  0.14
B1 0.11  0.45  0.38  0.59  0.27  0.14
B2 0.25  0.56  0.62  0.36  0.29  0.35
B3 0.67 1.2 0.79  0.13  0.17  0.70
B4 1.5 2.4 0.83  0.04  0.06  0.90

4 F=[vCz)/[Comonomer |

conversion of the copolymerization was suppressed to below
30 mol%. The molecular weight {Mv) was mecasured by GPC, and
the fraction (rV(‘.z] of V€z unit in the copolymer was determined
by UV absorption spectra in dichloromethane with a Shimadzu UV-
2008 spcetrophotometer.  Three samples of the copolymer of VCz
with MMA and four samples of the copolymer of VCz with Vae
were prepared.  These copolymers were designated as Al, A2, and
A3 for the former and Bl, B2, B3, and B4 for the latter in the
order of increasing fycz- The molecular weight (W) and the
fraction “‘\«'Cz) arce summarized in Table 3-1 with the sequential
distribution (FI' F2' FS) caleculated from the monomer reactlivity
ratios, r; and ro. according to the terminal model.%) M is the

Iraction of isolated VCz. ""2 is the probability that a VCz unit
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is found in a dyad sequence of ¥Cz. F3 is Lthe probability that
a VCz unit is found in the sequence whose sequential length is
more than two. N-Ethylcarbazole (FtCz) was synthesized by the
reaction of sodium carbazole with ethylbromide and purified by

recrystallization.

(B) Electron Acceptor (A)
1,4-Dicyanobenzenc (p-DCNB, Wako Pure Chem. Ind.) was

purified by recrystallization from ethanol three times.

(C) Radical Cation Acceplors (Dz)

NN N-Tetramethyl-1,4-phenylenediamine (TMPD, Tokyo Kasci
Kogyo Co.), 2,5-dimethoxyaniline (DMOA, Wakc Pure Chem. Ind.),
diphenylamine (DPA, Tokyo Kasei Kogyo Co.), triphenylamine (TPA,
Tokyo Kasel Kogyo Co.), and 1,2-dimethylindole (DMI, Wako Pure
Chem. Ind.) were purified by recrystallization. N,N-Dimethyi-1,4-
toluidine (DMT, Wako Pure Chem. Ind.) and N,N-dimecthylaniline
(DMA, Wako Pure Chem. Ind.) were purified by distillation under

reduced pressure.

(D) Solvents
Spectroscopic grade of N,N-dimethylformamide (DMF, Dotite
Speetrosol) and diehloromethane (Dotite Spectrosol) were used
without further purification. Acctonitrile (MeCN, Wako Pure

Chem. Ind.) was fractionally distilled after reflux over Py0s5.

3-2-2. Measuremcnls
(A) Transienl Absorption Spectra
The transient absorption spectrum of Cz! was measured in
the presence ol an electron acceptor, p-DCNB, by Lhe excimer

laser phololysis system. The photoexcitation was made by a 308-
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nm laser pulse of a XeCl excimer laser. The pulse intensity
was attenuated properly by flilters. As tLhe monitaring system
for the measurements of transient absorption speclra, a
photovoltaic indium arsenide {InAs) diode detector (Hamamatlsu,
P838) was uscd. For the measurements of transient absorption
speetra, the absorbance of carbazole chromophore at 308 nm was
adjusted to be ca. 1.8, and p-DCNB (8.0x10”2.\1} was added to the
svstem, The measurements were carried out in a l-em quartiz
cell in DME solvent at 298 K. The samples were degassced by the

frecze-pump-thaw method.

(3} Radical Cation Transfer

In this chapter, the radical cation Lransfer was mcasurcd
from EtCz!, and Cz! in the copolymer Al and in PVCz Lo amine
compounds  (By). For the radical cation transfer mcasurements,
the detection system equipped wilth a photomultiplier Lube
{(Hamamatsu, R928) was uscd since it has a fast response time of
ca. 5 ns. To avoid excitation of [)2. carbazole chromophore was
photoexcited by an attenuated 351-nm laser pulse of XelF excimer
laser. For the radical cation transfer mcasurcments, the
absorbance of carbazole chromophore at 351 nm was adjusted to
ca. 0.7 for Al system and ca. 1 for EtCz system and PVCz system.
02 was added Lo Lhe EtCz and Al systems in the following
concentration: I'F\1I][1]=2.0x10'4.\1. Il}:\IOA]=6.Dx]0"4\1. IDMT]=?.0MD"4.\1,
[DMA |=7.0x107%M, [DPAJ=7.0x107%M, |TPA[=7.0x107%M, and [DMI]=1.0x
107, The concentration of Dy (DMOA, DMA, and DPA) in the PVCz
system was adjusted Lo 1.0X1072 M. The samples contain 6.4x1072 M
P-DCNB as the clectron acceoptor. The measurements were made

in degassed DMF solvent at 298 K.
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(C) Oxidation Potentials
The oxidation potentials of ELCz and Dy, were measured by
cyclic voltammetry using Ag/0.01 N Ag' in MeCN as a reference
electrode. The potentials were converted Lo the ones relative
to SCE(Ey o)t Ejjy=1.18 V for EtCz, 1.06 V for DML, 0.99 V for TPA,
0.95 V for DPA, 0.77 V for DMA, 0.72 V for DMT, 0.64 V for DMOA, and
0.14 V for TMPD.
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IFigure 3-1. Transient absorption spectrum of PVCz -
p-DCNB(8.0x1072M) system in DMF at 298 K at 2 us after
cxcitation. The concentration of carbazole chromophore was
adjusted to be 3,0x10'3M.

J-3. Results and Discussion

3-3-1. Charge Delocalization of Radical Cation in PVCz

IFigure 3-1 shows Lhe Llransient absorption spectrum of a
PVCz - p-DCMB system at 2 ps afler excitation. The absorption
band at ea. 430 nm was assigned to the radical anion, p-DCONB..

The Cz! gives two absorption bands. Onc is the visible band at
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ca. 750 nm’+8)

which is very broad compared wilth that of the
monomer radical ecation., FLCz!. The other is the CR band at a
wavelength longer than 1900 nm. The CR band is shifted to
longer wavelengths than that of the dimer radical cation,
appcearing at ca. 1600 nm and at ca. 1800 nm for the fully-
overlapped dimer radical cation for m-DCzPe and the partially-
overlapped dimer radical cation for r-DCzPe, respectively.
According to the H“u(:kel MO theory, the CR band of the dimer
radical cation is shifted to shorter wavelengths with the
increasing interaction, i.e., the increasing stability of the dimer
radical cation. IHowever, this cannot be applied to PVCz, since
the Cz! in PVCz is stabler than the dimer radical cation as
described below. On the other hand, Hrjckel MO calculations
indicate that the CR band of a radical cation should be shifted
te longer wavelengths with increasing charge delocalization such

as dimer, trimer, and Letramer.g'w}

The longer-wavcelengtlh shift
for PVCz is considered to be due to an increasing charge
delocalization.

The transient absorption spectra for the copolymers were
measured to investigalte the neighboring chromophore interaction
on the radical cation. Figures 3-2 and 3-3 show the transient
absarption speetra of Cz! in the copolymers of VCz with VMMA
(Al - A3) and of VCz with VAc (Bl - B4) at 2 gs after excitation,
respectively. As shown in Figure 3-2-(a)., Cz! of Al gave only
Lhe visible band at ca. 820 nm which was similar in shape to that
of the monomer radical cation, EtCz!, and the CR band in the
near-infrared region was nol observed. This mcans that Al
forms only the monomer radical cation and that the necighboring
chromophore interaction is interrupted by the incrt comonomer,
MMA.  This is expected by the fact thal the fraction (Fq) of

isolated VCz in the comonomer, MMA, is 0.93, suggesting that
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Figure 3-2. Transient absorption spectra of cz! for the
copolymers of VCz with MMA in DM at 298 K al 2 us after
excitation: {(a) Al; (b) A2:; (¢) A3. The absorbance of
carbazole chromophore at 308 nm was adjusted to ca. 1.8. All

the samples contain 8.0x1072M p-DCNB.

there is almost no interaction of cz! with remote carbazole

chromophores in a polymer chain. The other copolymers showed

the CR band in the near-infrared region along with the visible

pand. In Figure 3-4, the pecak wavelength {ACR} of the CR band
and the ratio of the absorbance of the CR band to that of Lhe
radical anion, p-DCNB. (430 nm) MCR/A%O} were plotted against
the probability of carbazole chromophore not to be isolated, 1-
Fl‘
1800 nm,

For the copolymer with th!<0.4. the CR bands appear at ca.
and the relative absorbance of the CR band increases
with the increasing 1-F;. Since the probability (F'3) that €z! is

formed in the sequence having more than two VCz units is very
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Figure 3-3. Transient absorption spectra of Cz! for the
copolymers of VCz with VAc in DMF at 298 K at 2 ps after
cexcitation: (a) Bl; (b) B2, (¢) B3; (d) B4. The absorbance of
carbazole chromophore at 308 nm was adjusted to ca. 1.8. All
the samples contain 8.0X107 %M p-DCNB.
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Figure 3-4. Peak wavelcength of the CR band (4qR) and its
relative absorbance to that at 430 nm (ACRMMO] are plotted
against 1---F].

small in the region 1-F,<0.4, the CR band is due Lo the dimer
radical cation formed in the dyad sequence of VCz. With the
increasc of 1-F,, the fraction of Cz? formed in the dyad
sequence to the monomer radical cation increases, and the
absorption intensity of the CR band is enhanced. For Lhe
copolymer with 1-F,>0.5, the CR band is shifted to longer

wavelengths with the increase of l—F]. An absorption of the

solvent prevents measuring a transient absorption spectrum in
the wavelength region longer than 2100 nm. Therefore, the shape
and the halfwidth of the CR band were roughly evaluated. The
CR band scems to become broader with longer-wavelength shifts.
At least, the CR bands for B4 and PVCz are obviously broader
than those for A2 and A3 which are considered to lorm mainly
the dimer radical cation. The longer-wavelength shift and
broadening of the CR band for PVCz are nol due to a perturbed
dimer radical cation but to inecreasing contribution of cz!
delocalized among more than two chromophores. In lact, the
shift of the CR band begins at 1-F;=0.5, where the fraction ol
Car

larger than that of Cz? rormed in the dyad sequence.

formed in the VCz scquence having more than two units is

Furthermore, B4 with F4=0.9 gave the same transient absorption
spectrum as PVCz (Figure 3-3-(d)). Thus, the shift and
broadening of the CR band correspond to the increase of Fa.
This suggests that the Cz¥ in the polymer, PVCz is stabilized

by the charge deloecalization among more than two chromophores.

3-3-2. Stabilization Energy of Radical Cation in PVCz

AL first, the [(ree cnergy change (AG) dependence of the
rate constant (K,.) of the radical cation transfer reaction was
investigated. The radical cation transfer to amine compounds D,
(TYIPD, DMOA, DMT, DMA, DPA, TPA, and DMI) was measurced for ELCz
and the copolymer Al.  The free cenergy change (AG) in eq. 3-1
was estimated by the difference between the oxidation potential
of I1Cz and that of Dy.

Since Cz! in Al is not stabilized by neighboring chromophore
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interaction, the oxidation potential of carbazole chromophore in
The decay curves
820 nm for Al

Al is assumed to be equal to that of EtCz.
of Cz! were measured at 790 nm for EtCz and at
As an example, the decay curve of EtCz! for EtCz - DPA - p-
DCNB

system is shown in Figure 3-5.
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IFigure 3-5. Transient absorption decays at 790 nm of Et(Cz
radical cation in DMK at 298 K in the presence of p-DCNB
(6.4,\(10_2.‘\1): (a) without DPA; (b) with DPA (?.0)(10‘4.\!).

In the absence of DPA, EtCz! recombines with p-DCNB., bul the

absorption scarcely decays in Lhis tlime region (Figure 3-5-(a)).

The addition of DPA accelerated the decay of FtCz! by the
radical cation transfer to DPA (Figure 3-5-(b)). The rate of the

racdlical cation transfer is much faster than that of the

recombination: K, .[0;%IBy] >> k.[DT][AT]. Then, k. was

determined by the slope in the plot of In A against t using coq.

7 in Appendix. IFigure 3-3-(b) gave ktr=3.22x1(}g M‘ls'l. For the

other systems, K was determined in the same way by addition

Lr

of a proper concentration of 1}2, Table 3-11 shows Lhc results.

The second and the fourth columns arc ktr's for KtCz and for
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Table 3-11. Free energy change (AG) and rate constants (k,.. k,)
of radical cation transfer to Dy for ELCz and Al syslems.

Frez/109m 17! a1/109m7 1571

02 -AG/eV ——
ktr ke ktr ke
THPD 1.04 6.25 - 3.07 -
DMOA 0.54 5.02 25 2.42 11
DMT 0.46 4.86 21 2.66 -
DMA 0.41 4,35 14 2.30 9.17
DPA 0.23 3.22 6.64 1.55 3.13
TPA 0.19 2.92 5.48 1.44 2
DMI .12 2.73 4.8B5 1.39 2.54

Al, respectively. In each system, ktr for Al is smaller than

that for EtCz. llowever. these values cannot be simply compared

with cach other, since the radieal cation transfer in this

intermolecular system contains the diffusion process and the

clectron transfeor process. VFor the radical cation transfer 1o

oceur, first of all, Cz! and D, must be brought close together.

Therefore, the radical cation transfer reaction can be

considered to be a consecculive reactlion that the clectron

Lransfer process follows the diffusion process. In the radical
cialion transfer systems studied in this experiment, the clectron
transfer process is a rate-limiting step except for the case of
T™PD. Then, the rate constant of the radical cation transfer is

given by the following equation.“)

k, o1 -

- kgl o+ k) (3-2)
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where kg and k, are rate constants of the diffusion and the
clectron transfer processes, respectively. It is considered Lhat
the radical cation transfer to TMPD is exothermic (AG = -1.04 cV)
enough to be diffusion-controlled. Therefore, Lhe rate constant
of the radical cation transfer to TMPD was taken as Ky ky =
6.25x10° M ls7! for EtCz systems and ky = 3.07x109 M7ls7! for Al
This
Smoluchowski equation: ky=8RT/30007 gives 6.50%10° M_Is'l,

systems. is supported by the fact that the Einstein-

where g
is the viscosity of a solvent, DMF. The diffusion-rate constant,
kg for Al is almost half of that lor EtCz. This is justilied by

the fact that the diffusion of the copolymer, Al, is negligibly

small compared with that of the low molecular weight compound.
The rate constants, ke. for ELCz and for Al are listed in the
third and the fifth columns in Table 3-I1, respcctively. In

Figure 3-6, ke's for EtCz and for Al are plotted against AG.
l'ach system gave a linear relationship between the logarithm of
ke and AG. The linecar relationship betwcen the logarithm of
the rate constant ke and AG was also observed for the
cleetron transfer quenching of an excited state of aromatic

molecules by anion.] 2)
13)

The relation was discussed by the

Polanyi equation. In Lthe present study, the following

experimental equations were obtained.

- 1.83 AG + 9.44
- 1.83 AG + 9.14

(3-3)
(3-4)

log ke for ELC7z system

[

log K for Al syslem

e

Fach system has a similar slope in the semilogarithmic plot of

k. as a function of AG, butL the intercept for Al is smaller

e

than that for FtCz; Kk, for Al is necarly cqual to a half value

C

of that for ELCz. As described previously, the c¢hromophore

interaction in Al is interrupted by the inert comonomer, and

26

o EtCz system
* A1 system

10

log ke /M7's™

AG / eV

Iigure 3-6. Relationship between Ko and AG in the radical
cation transfer Lo n2 for EtCz and Al systems. Open and
¢losed circles indicate ELCz and Al systems, respectively.
Ly is shown by the abbreviation in the figure. For PVCz,
AG of the radieal cation transfer to DMOA, DMA, and DPA was

cstimated from Kk as shown by the

o dashed lines.

I B . A
Czi in Al is not stabilized. Therefore, a smaller value of K

o
for Al is considered to be due to the steric hindrance of the
polymer chain Lo the access of Do, that is, the polymer chain
sterically restricts the direction for D2 to approach Cz! in
the polymer chain, or that electron transfer in the polymer
s¥stem may occur at a longer distance due to the sterice

hindrance of polymer chain.
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Table 3-111. Apparent transfer rate constant {ktr)' electron
transfer rate constant {ke), free encrgy change (AG), and

stabilization energy (-AH) for PVCz system.

Dy ke /10871571 k /1080717l AG/ev  -aw/ev
DMOA 1.3 17.9 -0.06  0.48
DMA 6.98 9.03 0.10 0.51
DPA 5.28 6.38 0.19 0.42

As for the Cz' formed in PVCz, Lhe radical cation

transfer to DMOA, DMA, and DPA was mcasured. The concentration
of DMOA, DMA, and DPA was 1.0x10°2 M. The rate constant. Kips
was determined by the slope of the semilogarithmic plot of the
transient absorption decay of cz! at 750 nm according to eq. 7
in Appendix.  Table 3-111 shows the resulils. The rate constant,
Koo

In the radical cation transfer from Cz! in PVCz to amines, not

was cvaluated by eq. 3-2 assuming that kd is 3.0?)&10“ M”IS'!.

only tLhe stabilization by charge delocalization but also polymer
effects such as a steric hindrance of a main chain may affloct

the transfer rate constant. Therefeore, by using the lincar

relationship belween log ke and AG for Al, it can be

determined how AG increases by the stabilization through charge
the AG ol the

delocalization of Cz! in pPvCz. In practice,

radical cation transfer from Cz. in PVCz to the radical cation
acceplor was eslimated as shown by the dashed line in Figure 3-
6. AG's for DMOA, DMA, and DPA are -0.06 eV, 0.10 eV, and 0.19 eV,

rospectively. In the radical cation transfer to DMOA, DMA, and
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DPA, Lhe AG for PVCz is larger than that for Al (-0.54 ¢V for

pMOA, -0.41 eV for DMA, and -0.23 eV lor DPA). This is duc Lo the

stabilization of Cz! in PVCz by the ncighboring chromophore

interaction, and the differcnce between AG estimated for PVCz
and for Al corresponds to the stabilization energy (-All) as
described in the previous chapter. The cvaluated stabilization
encrgies (-AH) arc listed in Table 3-111: ca. 0.48 eV with DMOA, ca.
0.51 eV with DMA, and ca. 0.42 eV with DPA. In this way, Lhe
stabilization energy of Cz! in PVCz was estimated to be 0.5 +
0.1 eV on average. In this method, the cffect of the storic
hindrance of the polymer chain is exciuded by using the
relationship between 1-'.CE and AG flor the copolymer Al as
deseribed above, and this value is the net stabilization encrgy
by the necighboring chromophore interaction. The stabilization
energy of Cz! in PVCz is larger than that of the dimer radical
calions (ca. 0.1 eV for the partially-overlapped dimer radical
cation and 0.3 - 0.4 eV for the fully-overlapped dimer radical
calion). This is consistenl with the resuit of the CR band for
the copolymer systems. [t was found that Cz! in the polymer is
delocalized among more than two ncighboring chromophores, and

that it is stabler than the dimer radical cation.

3-4. Conclusion

By investigating the relationship beltween the CR band of
the copolymers of VCz and the scquential distribution of
carbazolce chromophore, it was found that the Cz! formed in
P¥Cz is stabilized by the charge declocalization among more than
two neighboring chromophores. The CR band of the Cz' in PV(Cz
#%ds shifted Lo longer wavelengths than that of the dimer
radical cations. This result is qualitatively consistent with the
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theoretical MO prediction. The stabilization energy by the
charge delocalization was estimated to be 0.5 + 0.1 eV for PVCz
by the radical cation Llransfer method. This stabilization
cnergy is larger than that of the dimer radical cation (ca.
0.1 eV for Lhe partially-overlapped dimer radical cation and 0.3 -
0.4 eV for the fully-overlapped dimer radical cation). This mecans
that the stability of the Cz® increases with the charge

delocalization such as a trimer radical cation.
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CHAPTER 4

CARBAZOLE - CARBAZOLE - TEREPHTHALATE EXTERPLEX FORMATION

4-1. Introduction

A pgeminate ion pair formed by photo-induced electron
transfer dissocialtes into free ions in a polar solvent, and the
ncighboring chromophore interaction leads to the formation of a
dimer radical cation. On the olher hand, the ion pair forms an
exciplex in a non-polar solvent. Similarly to the casc of the
dimer radical catlion, Lhe charge-transfer state of the exciplex
is stabilized by the neighboring chromophore interaction,
forming an excited triple complex (exterplex). In 1968, Beens

1) reported electron donor (DY - electron donor (D) -

and Weller
ciectron acceptor (A) type of exterpiex which consists of two
naphthalene (D) and 1,4-dieyanobenzene (p-DCNB, A). Since then,
many DDA type of cxterplexes have been investigatedﬁ‘gl As
for the exterplex of 2-methylnaphthalene and 1,3-
dinaphthylpropane with p-DCNB, Mimura and 1toh?) studied the
formation process of the exterplex by measuring time-resolved
emission spectra and analyzing the emission decays. Hoyle and
Guillet® found that a poly(N-vinyicarbazole) (PVCz) - dimethyl
Lterephthalate (DMTP) system shows a broad emission arcund 320 nm
in benzene, and assigned this broad emission to a carbazole -
carbazole - DMTP exterplex. Furthermore, Masuhara el al.”

reported that meso- and rac-2,4-di(N-carbazolyl)pentane (m- and
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r-NDCzPe) show, in the prescnce of I,3-dicyanobenzene (m-DCNB), a
broand exterplex emission around 310 nm and around 460 nm
corresponding to their different configurations.The difference [n
the emission spectrum was considered to be due to the
difference in the exterplex structure; it is suggested that r-

DCzPe forms a DDA type of exterplex in which two carbazolyl

(Cz) echromephores overlap partially (partially-overlapped

exterplex), while m-DCzPe forms one in which two Cz 1
chromophores overlap completely each other (fully-overlapped
exterplex).

Previous chapters dealt with the stabllization of the
carbazole radical cations for PVCz and its dimeric model
compounds achieved by the neighboring chromophore interaction.
In this chapter, Lhe structure, the stability and the formation |
process for the Cz - Cz - DMTP exterplex were investigated by
measuring the fluorescent properties of PVCz, its dimeric model
compounds and the copolymers of N-vinylcarbazole In the
presence of DMTP. Since the exterplex is formed by tLhe
stabilization of the charge-transfer state by the neighboring
chromophore interaction, the mechanism of the stabilizalion Iis
analogous to the case of the dimer radical cation. The
similarity of the interaction in the exterplex to that in the

dimer radical cation was discussed.

4-2. Experimental Scction

4-2-1. Materials
Two Kkinds of PVCz having different stercoregularity were
(PVCz(c)) by

polymerization in dichloromethane, the olLher (PVCz(r)) by AIBN-

preparced, one BFSOEL2~EI1E Liated cationic

The monomer, N\-

initiated radical polymerization in benzenc.
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vinylcarbazole (VCz, Tokyo Kasei Kogyo Co.), was recrystallized
from mcthanol and hexane several times. The weight-average
molecular weight (Mw) was estimated to be ax104 for PVCz(el and
8)(105 for PVCz(r) by means of GPC (Toyvo Soda HLC 802 LR) with a
Ga000OH and GMH column system calibrated with standard
polystyrenes. The syndiotactic fraction was estimated to be ca,
0.5 for PVCz(c) and ca. 0.7 for PVCz(r) from a fluorescent

9)

spectrum. As a dimeric model compound of PVCz, DCzPr, m- and

r-DCzPe were synthesized. A monomeric model compound, N-
ethylcarbazole (EtCz) was synthesized. These model compounds
were purificd by recrystallization. Styrene (St, Wako Pure
Chem. Ind.) and diethyl fumarate (DEF, Wako Pure Chem. Ind.} were
purified by distillation under a reduced pressurec. A random
copolymer of VCz with St (P(VCZ—SU)IO} with a VCz fraction of
ca. 0.1 and an alternative copolymer of VCz with DEF (P(VCz-
D[{F))“} were prepared hy radical copolymerization in benzene.
Poly[2-(N-carbazolylethyl methacrylate] (PCzEMA) was prepared by
radical polymerization of the monomer, 2-(N-carbazolyllethyl
methacr_vlal,e.]m The PS-calibrated GPC molecular weight (Fw)
was found to be 7x10% for P(VCz-St), 1x10° for P(VCz-DEF) and
$x10% for PCzEMA. Dimethyl terephthalate (DMTP, Wako Pure Chem.

Ind.) was purified by reerystallization.

4-2-2. Mecasurements

All mecasurcments were made in solution of degassed
benzene (Dotite Spectrosol) at room temperature exccept Lhe
cxperiments of temperature dependence. The concentralion of Cz
ciromophore was adjusted to below 3x10°% M Lo avoid an
intermolecular interaction. All samples contained 0.07 M DMTP as
il electron accepLor.

Absorption and emission speclra were mecasured by a
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{a)

(b)
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Figure 4-1.

(a): ELCz(3.0x10™% M) - DMTP(0.1

M),

(b): r-DCzPe([Cz]=1.2x10"% M) - DMTP(0.07 W),
{c): m—DCzPe([CzI=1.Ox10-4 M) - DMTP(0.07 ™).
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Fmission spectra of the Cz monomer and dimeric
model compound systems in henzene al room temperature.

Sshimadzu UV-2008 speclrophotometer and a Hitachi 830
spectrophotofluorometer, respectively. A fluorescent lifetime
was measured by a single photon counting method (PRA Inc. model
5108). The mecasurements of the fluorescenlt speetra and lifetime
woere carried out by seclective photoexclitation of Cz

chromophore.

4-3. Resulls

4-3-1. kEmission Spcctra

IFigure 4-1 shows the emission spectra for the monomeric
and dimeric model compound - DMTP systems. As shown in Figure
4-1-{a), EtCz - DMTP system gives a monomer cmission having a
vibrational structure and an exciplex emission around 480 nm. On
the other hand, the dimeric model compound - DMTP systems show,
as well as Lhe monomer and the excimer emissions, a new broad
emission in a wavelength region tonger than the exciplex
emission region. r-DCzlPe system (Figure 4-1-(b)) shows a broad
emission around 510 nm whose guantum yield and lifelime were
measured to be 0.048 and 71 ns, respectively, while m-DCzPe
system (Figure 4-1-{¢)) shows a broad emission around 560 nm whose
lifetime and quantum yield were measured to be 36 ns and less
than 0.017, respectively. These broad emissions were assigned to
Cz - Cz - DMTP exterplex emission.

Figures 4-2-(a) and (b) show the emission spectra for
PYCz(c) and PVCz(r) systems, respectively. As shown by the
dotted line, in the absence of DMTP, PVCz gives the second
excimer emission at ca. 370 nm and the sandwich excimer emission
alL ca. 420 nm.g']:” The fraction of these excimers depends on
the stereoregularity; the larger the syndiotactic fraction, the

larger the ratio of the second excimer emission to the sandwich
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excimer one. When DMTP is added to these systems, both PVCz's

give the second excimer cmission at ca. 370 nm and a new broad
emission around 510 nm as shown by the solid line. The latter
was ascribed by Hoyle and GuﬂletG) to Cz - Cz - DUTP exlerplex
cmission. It is noteworthy that the two PVCZz's show the same
exterplex emission despite they arc different in syndiotactic

fraction.
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Figurc 4-2. FEFmission spectra of PVCz systems in benzene al

room lLemperature.
(a): PYCz{cl[Cz]=1.5x10"% M) system,

(b): PVCz(r)([Cz]=1.7x10"% M) system

The dotted and solid lines show the spectra in the absence
of DMTP and in the presence of DMTP(0.07 M), respeclively.
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Relative Fluorescence Intensity
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Figure 4-3. Emission spectra of the polymer systems
Cz chromophores in benzene at room temperaturc.

(a): PCzEMA([Cz|=1.1x10"% M) system,

(h): P(VCz-SL)([Cz]=2.4x10"% M) system,

(€): P(VCz-DEF)([Cz]=8.5x10"° M) system

The dotted and solid lines show the spectra in the
of DMTI? and in the presence of DMTP(0.07 ™).
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Table 4-1. Quantum yield of €z emission (rbro} in the absence
of DMTP, those of monomer emission {CDf} and exclplex emission
{tIJf‘i in the presence of DMTP and quantum cfficiency of
exciplex emission (qf'} in the presence of DMTP.

0 L} A
Op @ % W

EtCz - DMTP(0.1 M} 0.

PCzEMA - DMTP(0.07 M) 0.473 0,022
P(VCz-St) - DMTP(0.07 M) 0.410 0.061
P(VCz-DEF) - DMTP(0.07 M) 06.128 0.014

0.121 0.13
0.088 0.09
0.116  0.13
0.054  0.06

514 0.022

The emission spectra of PCzEMA, P(VCz-St) and P(VCz-DLI)
are shown in Figures 4-3-(a), (b) and (c), respectively. In the
absence of DMTP, only the menomer emission was observed, and
the excimer emission was hardly detected, as shown by the

line.12:14,15)

dotted This suggests that the neighboring
chromophore interaction in the excited stale is suppresscd
because of the separation of the Cz chromophore from the main
chain or as a result of copolymerization. When the Cz monomer
excited state of these polymer is quenched by DMTP, a new
broad emission appecars around 480 nm. This is the same exciplex
cmission as in the EtCz - DMTP system. Table 4-1 gives the
quantum yield (tbf()) of the Cz monomer emission in the absence
of DMTP, those of the monomer- (@) and the exciplex (®g')
cmissions in the presence of DMTP, and the quantum efficiency of
the excipliex emission (qf') calculated with the flollowing

cequation.
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ap' = @p" /(1 - ®p /00 (4-1)
The quantum yield ®,° for P(VCz-DEF) is much smaller than that
for KtCz. This is considered to be due to the intramolecular
quenching by DEF, since DEF has an electron-accepling property.
[n the case of P(VCz-St) and PCzEMA systems, @,° and qp' are

nearly ecqual to those of the EtCz system.

4-3-2. Temperature Dependence of Exterplex Emission

Figures 4-4-(a) and (b) show the temperature dependence of
the emission spectra for r-DCzPe and m-DCzPe systems,
respectively. As the temperature rises from 15 °C to 75 °C, the
quantum yields of the monomer and the excimer emissions
decrease, and that of the exterplex emission increases with the
peak shifted towards a shorter wavelength. The PVCz{c) system
behaves differently (Figure 4-4-(¢)). With increasing temperature,
the yields of the monomer and the exterplex emissions decrease,
and the pecak wavelength of the exterplex emission is shifted

lowards a longer wavelength,

4-4. Discussion

4-4-1. Partially-overlapped and Fully-overlapped Exterplexes

The emission spectra for DCzPe - DMTP system indicates
that DCzPe forms two kinds of exterplex in which the degree of
overlapping ol the Cz chromophores is differenlt hecause of the
slteric hindrance of methyl groups in the main chain. This is
analogous to the DCzPe - m-DCNB system studied by Masuhara et
al..”) That is, r-DCzPc - DMTP system forms a partially-

overlapped exterplex, while m-DCzPe forms a fully-overlapped
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Figure 4-4. Temperature dependence of cemission spectra for
the PVCz and DCzPe systems in benzene.

(a): r-DCzPe([Cz]=1.4x10"% M) - DMTP(0.07 W),

(b): m-DCzPe([Cz]=1.3x107% M) - DMTP(0.07 M),

(e): i’\'(fx((?}(iCZ]=!-9N10-4 M) - DMTP(0.07 M).

The emission spectra were measured at 15, 25, 35, 45, 535, 63,
and 75 °cC.
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one. The partially-overlapped and fully-overlapped exterplexes
show a broad emission band around 510 nm and around 560 nm,
respectively. The quantum yield of the exterplex emission for
the partially-overlapped type is three times as large as that
for the fully-overlapped one. Furthermore, since the quenching
by DMTP of the Cz monomer excited state and the excimer state
is essentially a diffusion-controlled process and the quenching
efficiency is higher than 80 %, the vield of the exterplex
formation should be nearly equal for the two types of
exterplexes. Therefore, the difference in the quantum yicld of
the exterplex emission is considered to be due to that in Lhe
guantum efficiency of the exterplex emission; Lhe qguantum
efficiency for Lhe fully-overlapped exterplex is lower than that
of Lhe partially-overlapped one.

Since DCzPr has no methyl group in the main chain, it can
take both the fully-overlapped and the partially-overlapped
conformations. Nevertheless, the DCzPr - DMTP system
selectively forms a fully-overlapped exterplex like the m-DCzPe
system. This suggests that the fully-overlapped exterplex is
stabler Lhan the partially-overlapped one. The exterplex is
considered to be stabilized through the delocalization of the
charge produced by partial electron transfer from Cz
chromophore to DMTP.  Thus, this slabilization corresponds to
that of the dimer radical cation in a polar solvent. As for
the Cz dimer radical cation as described in Chapter 2., the
fully-overlapped dimer radical cation is stabler than the
Partially-overlapped one. The larger the degree of overlap of
the €z chromophores, the stronger the stabilization by charge
delocalization between the Cz chromophores. This was found to
be the casc also with the exterplex.

As for the temperature dependence of the exterplex
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emission for Lhe dimeric model compound systems, the decrease of
the peak wavelength with increasing temperature is due Lo the

decreasing diclectric constant of the solvent.

4-4-2. Exterplex of PVCz - DMTP System

As we have seen, both PVCz(c) and PVCz{r) show a broad
cmission at the same wavelength, around 510 nm, in spite of their
difference in the syndiotactic fraction. By comparing with the
case of the dimeric model compound systems as described
previously, Lhis broad emission was ascribed to the partially-
overlapped exterplex, which is formed in the syndiotactic dyad.
Since the partially-overlapped exterplex is formed by a small
conformational change, the cxterplex is easier to Torm than the
fully-overlapped one. If the equilihrium between two types of
exterplexes s not attained, their fractions are determined at
the stage of the formation. Furthermore, since the quantun
efficiency of the fully-overlapped cxterplex is smaller than the
partially-overlapped one, the former contribution to the
emission spectra is smaller. Presumably this explains why both
PVCz(r) and PVCz(ec) give the partially-overlapped exterplex
emission irrespective of the syndiotactic fraction. In this way,
PVCz systems mainly show the partially-overlapped exterplex
emission, though the fully-overlapped exterplex is stabler
thermedynamically. With increasing temperature, the fraction of
the stable fully-overlapped exterplex increases; consequently,
the peak wavelength of the exterplex emission is shifted to
longer wavelengtlhs.

As for P(VCz-St) and PCzEMA, the emission spectra and the
quantum efficiency of the cxciplex emission suggest that these
polvmers form the same exciplex with DMTP as EtCz. That is,

the exterplex of PVCz - DMTP systems is formed by neighboring
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chromophorce interaction and the interaction is weakened either
by scparating Cz chromophore from the main chain or by
copalymerization with an inert comonomer.
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CHAPTER 5

STERIC EFFECT ON FORMATION OF DIMER RADICAL CATION
AND EXTERPLEX -- POLY(3,6-DI-tert-BUTYL-N-VINYLCARBAZOLE)
AND ITS DIMERIC MODEL. COMPOUNDS

5-1. Introduction

ito et al.l) studied the fluorescent behavior of
poly(3,6-di-tert-butyl-N-vinylcarbazole) (PBVCz) and 2,4-bis(3,6-di-
tert-butyl-N-carbazolyl)pentanes (BCzPe), the latter being a
dimeric model compound of the former. Figure 5-1 shows the
molecular structure of 3,6-di-tert-bulylcarbazole. A tert-butyl
group introduced in a carbazole (Cz) chromophore is very bulky
as Lhe figure implies (the shaded parts), and its steric
hindrance should be very large. In both systems, therefore. the
neighboring chromophore interaction in an excited state was
Found Lo be Suppressed:2"4) PBVCz gave only onc kind of
unstable excimer whose stability was c¢ven smaller than the
second excimer formed by r-DCzPe. meso Isomer of BCzP’e {(m-
BCzPe) pave no cxcimer, while racemic isomer of BCzPe (r-BCzPe)
gave somc cexcimer, bul the excimer (raction was smaller than in
r-DCzPe.

In this chapter, for these compounds having bulky Llert-
butyl groups in Cz chromophore, the transient absorption
specelra of radical cations were measured in a polar solvent,

and Lhe (luorescent behavior of the DDA exlerplex with DMTP
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was investigated in a non-polar solvent. It will be discussaod
how Lhe steric hindrance effeets on the formation of a dimer

radical cation and an exterplex.

I'igure 5-1. Molecular structure of 3,6-di-tert-
butylcarbazole. Shaded parts show tert-butyl groups.

5-2. Experimental Section

5-2-1. Malerials

3.6-Di-tert-butyl-N-vinylcarbazole (BVCz), 3,6-di-tert- bulyl-
N-cthylecarbazole (BEtCz), BCzPe, and BCzPr were synthesized from
3,6-di-tert-butylcarbazole (BCz) in the same way as for Lhe

corresponding ecarbazole compounds wilh no tert-butyl group.

PBVC2z with a moleccular weight of ca, lxlﬂ(’ was obtained by a
caticonic polymerization of BYCz. The diastercoisomers, r- and
m-BCzPe, were separated by liquid chromatography and were uscd

as modcl compounds for syndiotactic and isotactic dyads,
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respeclively, in a PBYCz chain.
An eleclron acceptor, dimethyl terephthalate (DMTP, Wako
Pure Chem. Ind.) was purified several times by recrystallization.
Acetonitrile (MeCN, Wako Pure Chem. Ind.} was distilled over
11205 several times. Tetrahydrofuran {THIF, Dotite Spectrosol) and
toluene (Dotite Spectrosol) were used without further

purification.

5-2-2. Transicnt Absorption Measurcments

Transient absorption mecasurements were made by the
excimer laser photolysis system. A 351-nm laser pulse of Xel
excimer laser was used for exceitation. Two Kinds of detection
systems were used; one equipped with a photomultiplier tube
(llamamatsu, RO28) as a detector and the other equipped with a
photovoltaic indium arsenide (InAs) diode (Hamamatsu, 1P838).

An clectron donating chromophore, BCz, was excited
selectively by the laser pulse in the presence of an electron
acceptor, DMTP (0.65 M), and the transient absorplion decayvs and
speetra of the radical ions formed by a photoinduced electron
Lransfer rcaction were measured. The pulse intensity was
allenuated properly by filters. The concentration of BCz
chromophore was so adjusted as Lo give about a unit absorbance
al 3451 om.  THF was usced as a solvent {or the PBVCz system.
Other systems were measurcd in MeCN.  Alt samples were degassed

by the freeze-pump-thaw method in a l-em quartz cell.

5-2-3. Fluorescent Measurements

The fluorescent propertics of PBVCz and its model
compounds were investigated in a non-polar solvent in the
presence of DMTP (.05 M), Fluorescenl spectra were recorded

with a Hitachi 850 spectrophotofluorometer. Fluorescent decay
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and time-resolved fluorescent spectra were measured by a single
photon counting method. The photo-excitation of BCz
chromophore was made by a 322-nm pulse (fwhm ca. 75 ps) of a
Spectra-Physics picosecond synchronously pumped, mode-locked,
cavity-dumped dye laser (Models 2020, 342A, 375B, 3445). The
concentration of BCz chromophore was so adjusted as to give
about a unit absorbance at 322 nm. The PBVCz system was
measured in THF. Other systems were measurcd In toluene. All
samples werc degassed by the freeze-pump-thaw method, and the

measurements were carried out in a 1-em quartz cell at 25 9¢.
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Figure 5-2. Transient absorption spectrum of BEiCz - DMTP

(0,05M) system in MeCN at 25 °C aL 1 pus after excitation.
The absorbance of BELCz at 351 nm is about unity.

5-3. Resulls and Discussion

5-3-1. Dimer Radical Cation Formation in Polar Solvent
Figure 5-2 shows the transient absorption spectrum of the

BELCz - DMTP system in McCN at 25 ©C at 1 pus after excitation.
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The absorption band of the radical ecation of BELCz (BELCz)
appears at ca. 795 nm, and thalt of the radical anion of DMTP

{DMTP.) appecars at ca. 530 nm.6-7)

No absorption was observed in
the near-infrared region (1000 - 2000 nm). The monomer band of
BELCz! is similar in shape and in peak wavelength to that of
the radical cation of N-ethylcarbazole (EtCz?), as shown in
Figure 2-1. Therefore, the tert-butyl group is considered to
have little effect on the radical cationic state of Cz
chromophore.,

Figure 5-3 shows the Lransient absorption spectra of the
dimeric model compound - DMTP systems in MeCN at 25 °C at 1 us
after excitation. [Each system gives two absorption bands of the
radical cation of BCz chromophore; one, the dimer band, appears
in the visible wavelength region, and the other appears around
2000 nm. The former band is shifted to shorter wavelengths and
is broader than that of BEtCz%; the peak wavelengths are 760 nm
for m-BCzPe (Figure 35-3-A), 750 nm for BCzPr (Figure 5-3-B) and
700 nm for r-BCzPe (Figure 5-3-C). The latter band is a CR band
of the dimer radical cation formed intramolecularly. The (R
band is shifted to shorter wavelengths, the peak wavelengths
heing >2100 nm for m-BCzPe (Figure 5-3-A), 2100 nm for BCzPr
(Figure 3-3-B) and 2000 nm for r-BCzPe (Figure 5-3-C). Each
dimeric model compound has no obvious absorption pecak of the
monometr radical cation (ca. 795 nm), despite the molar extinction
coelficient (g) of the monomer radical cation is larger than
thalt of the dimer radical cation, as will be described latcer.
This suggests that the contribution of the monomer radical
cation can be neglected. The molar extinction coefficient (&)
of the dimer radical cation was estimated on the basis of that
of DMTP. at 530 nm (&g = 1230(})6) by assuming that the

concentration of the dimer radical ecation is cqual Lo that of
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IFigure 5-3. TransienlL absorption spectra of the dimerie
model compound - DMTP (0.05M) systems in MeCN at 25 ©C al
1 us after excitation.

A: m-BCzPe, B: BCzPr, C: r-BCzPc,

The ahsorbance of BCz chromophore at 3531 nm is about unity.
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Table 5-1. Peak wavelengths {‘lmax] and molar
extinetion coefficients (&) of the visible dimer
band and those of the CR band for the dimeric

model compounds.

lmax/nm £ imm/nm &
BELCz? 795 10500 s -=
m-RCzPe 760 6400 >2100 3700
BCzPr 750 4600 2100 3000
r-BCzPe 700 3900 2000 5400

A value for the monomer radical cation.

DMTP..  This assumption is justificed since almost all the radical
cations form the dimer radical cation. Table 5-1 gives the peak
wavelength (2 ..) and the molar extinction coefficient (&) of
the visible dimer band and the CR band.

Now, Lhese dimer radical cations arc compared with those
for the dimeric model compounds having Cz chromophores without
lert-butyl groups. The [ully-overlapped dimer radical cation of
m-DCzPe and the partially-overlapped one of r-DCzPe give the
CR band around 1600 nm and 1800 nm, respectively. As described
in Appendix, the CR band is more and more shifted to shorter
wavelengths as the interaction inercases. The CR bands of the
dimer radical cation of BCz chromophore are shifted to longer
wavelengths than those of the Cz chromophore. This means that
the interaction in the dimer radical ecation is weakened due Lo
the steric hindrance imposed by tert-butyl groups. That is, the

sltabilization energy is less than 2 keal/mol (0.1 eV), this figure
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being estimated for the second dimer radical cation of r-DCzPe.

The transient absorption specitra of Lhe visible dimer band
were measured at 25 ©C and 72 ©°C to observe the dissociation of
the dimer radical cation to the monomer radical cation. These

spectra wecre normalized by Lhe absorbance of DMTP. at 530 nm.

% %

Absorbance
%
-
.
-
-
-
L]
-
.
-

B
F & » at 25°C
i ’ . o at 72°C

Relative

oa

Wavelength / nm

Figure 5-4. Temperature dependence of Lhe visible dimer
band of BCzPe - DMTP (0.05M) svstems in MeCN at 1 ps after
cxcitation.

A: m-BCzPe, B: r-BCzPe.

Filled and open cireles indicate the spectra measurcd at
25 °C and 72 ©C, respectively. These spectra arc normalized
by the absorbance of DMTP. at 530 nm.
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Figures 3-4-A and B are for m-BCzPe and r-BCzl’e, respectively.
The visible dimer band gave no ceobvious change with inercasing
temperalure in any system, even Lhough the visible dimer band
for m-BCzI’c showed a small shift Lo a longer wavelength at
72 ©C. Thus, the dimer radical cation scarcely dissociates into
the monomer radical cation at 72 ©C: the stabilization energy of
the dimer radical cation is sufficiently large compared with the
thermal encrgy.

The shift of the CR bands suggests thal Lhe interaction
increases in the order: m-BCzPel < BCzPr! < r-BCzPe!. The
inecrcase of the interaclion is accompanicd by the shorter-
wavaelength shift and broadening (a decrecasing of &) of the
visible dimer band and an increasing intensity, i.e.., an
increasing £ of the CR band. The difference in the interaction
among the dimeric model compeounds is associated Lo Lhe
conligurational difference. In the racemic isomer of Lhe
pentane model, TT conformation is a stable once allowing an
interaction between two chromophores. Then, r-BCzPe forms the
dimer radical cation in the partially-overiapped conformation
close to the TT conformation. This is the most stable of Lhe
three dimeric model compounds. On the other hand, m-BCzlc
cannot form the dimer radical cation in the TT conformation
(fully-overiapped conformation) because of the sterie hindrance
of tert-butyl groups in BCz chromophore. Presumably m-BCzPe
also forms the partially-overlapped dimer radical cation. In
order for m-BCzPe to [orm ithe parlially-overlapped dimer
radical cation, il must take a distorted conformation and hence
this dimer radical cation is unstable as compared with that of
r-BCzPe. Thus, all dimeric model compounds form Lhe dimer
radical cation assuming a partially-overlapped conformation, and

Lhe stability of the dimer radical cation is affected oven by a
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tigure 5-5. Transient absorption spectrum of PBVCz - DMTI

{0.05M) system in THF at 25 ©C at | u#s after excitation.
The absorbance of BCz chromophore is about unity.

small change in the dimer structure induced by the
configurational diflerence.

Figure 3-5 shows the transient absorption spectrum of the
PBYCz - DMTP system in THF at 25 ©C at 1 gs after excitation.
The absorbance of the spectrum was very small compared with
that of the monomeric and the dimeric model compounds. This is
partly duec to the low quantum efficiency of ionization in THF
which has a relatively low dielectric constant and partly duc
to §-5 annihilation along the polymer chain. The radical cation
formed in PBVCz was (ound to have two absorption bands; onc is
a very broad band around 700 nm and the other is the CR band
around 2000 nm. This spectrum is similar to that of the r-BCzPe
- DMTP system. This indicates that PBVCz florms the partially-
overlapped dimer radical cation in the syndiotactic dyad, which

corrcsponds to the racemic isomer of the pentane model. The
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situation is very different from that ol PVCz. The radical
cation formed in PVCz is considered (o interact with more Lhan
two neighboring chromophores and to be stabler than the dimer
radical cation. By the introduction of tert-butyl groups to
BCz chromophore, the interaction of more than two chromophores

is hindered, and the dimer radical cation is formed in a polymer

chain.
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I'igure 5-6. Emission spectrum of BEtCz - DMTIP (0.05 M} in
toluene at 25 ©°C. The absorbance of BELCz at 322 nm is about
unity.
9-3-2. Exterplex Formation in Non-polar Solvent
Figure 5-6 shows the emission spectrum of BEtCz - DVTP

system in toluenc. The exciplex emission was observed at ca.
495 nm as well as the monomer cmission having a vibrational
structure, This exciplex emission was somewhat shifted to
longer wavelengths than that of ELCz - DMTP system al ca. 480 nm

{Chapter 4). This is considered to be due Lo the effect of
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Figure 5-7. Fmission spectra of the dimeric model compound
- DMTP (0.05M) systems in toluenc at 25 °C.

A: m-BCzPe, B: BCzPr, C: r-BCzPe.

The absorbance of BCz chromophore at 322 nm is about unity.
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tert-butyl substitution. Gn Lhe olher hand, the dimeric model
compounds show, as well as thce monomer and/or the excimer
emissions, a broad emission at the wavelength (ca. 5340 nm) longer
than the exciplex emission (Figure 5-T). This hroad emission
hand was ascribed to the DDA exterpiex which consists of two
BCz chromophores and DMTP. Beens and We[lcra) estimated tho
stabilization cnergy (AG) of the charge-delocalization by

neighboring chromophore interaction using the following

cruation.
Al = Biam = B (5-11)
where Vit and Voge BTG the peak wavenumbers of DA exciplex

emission and DDA exterplex emission, respectively. For aill
dimeric model compounds having BCz c¢hromophores, the
stabilization by the charge-delocalization was estimated to be
ca. 0.21 eV, This is comparable to the stabitization encrgy
(0.2 eV) of the partialiv-overlapped exterplex for r-DCzPe; that
of the fully-overlapped exlerplex for m-DCzZPe was costimated to
be c¢a. 0.42 eV. By the steric hindrance of tert-bulyl groups, all
BCz dimeric model compounds do nol {form Lhe fully-overlapped
exterplex but form the partiially-overlapped one, which is not
$0 slable as the partially-overlapped exterplex of r-DCzPe. 1L
is noteworthy that m-BCzPe and BCzPr form the partially-
overlapped exterplex, though they form no excimer.

By introducing lert-bulyl groups, the formation scheme of
exterplex becomes very simple, especially in the case of m-
BCzPPe and BCzPr. Scheme 5-1 shows the formation process of
exterplex for the m-BCzPe and BCzPr systems. Since they do
not form any excimer, only the gucnching of the monomer

excited state by DMTP is taken into account. The monomer
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kq[DMTP] ko

Monoper ——M> Exciplex ——— > Exterplex
(M) (E1) (E2)
ki 5] l“;x
Scheme 5-1. Fxterplex formation scheme for m-BCzPe and

BCzPr systoms.

oxcited state is quenched by DMTP with Lhe rate constant, kq.
and forms the exeiplex. The exciplex changes its conformation
and forms the exterplex by neighboring chromophore interaction
with the rate constant, k‘2. In this scheme, kl' k:_, and Kq are
the rate constants of the deactivalion processes which contain
the fluorescent and radiationless transitions. The dissociation
of the exciplex and the exterplex to the monomer excited state
is neglected.  The exciplex formation by quenching of the
monomer excited state and the following exterplex formation
were confirmed by the time-resolved cmission spectra for the m-
BCzPe svstem as shown in Figure 3-8.  The solid line indicates
the emission spectrum in the time range from 1.7 ns to 3.3 ns.
Along with the monomer emission, a broad emission was observed
in the longer wavelength rcgion. To investigate what this
hroad band is assigned to. the monomer emission was subtractod
from this spectrum by using the emission spectrum at t=0 as the
monomer cmission band. As shown by the broken line, the
subtracted spectrum gives a broad emission band around 3500 nm.
This corresponds to the exciplex emission for the BELCz - DVTP
system. In the time range Crom 30 ns to 40 ns, the exterplex
cemission was observed around 540 nm as shown in the dash-dotted

line in Figure 5-8. This suggests that the exciplex is mainly
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1.7-33ns

Relative intensity

200 500 600
Wavelength/nm

Figure 5-8. Time-resolved emission spectra of m-BCzPe -
DMTP (0.05 M) system in tolucne at 25 ©C observed at 300 nm (a)
and 640 nm (D).

The solid and dash-dotted lines show the emission spectra in
the time range from 1.7 ns to 3.3 ns and from 30 ns to 40 ns,
respectively. The broken line indicates the subtlracted
speetrum in the time range from 1.7 ns to 3.3 ns after
subtracting the monomer emission.

formed in the earlier stage, and subsequently, the exterplex is
formed. The time dependence of the emission spectrum for the
BCzPr system was essentially the same as that for m-BCzPe.
According Lo this scheme, the rise and decay functions of
the monomer excited state (M*), the exciplex (E1%), and the

exterplex (12*) are expressed by Lhe fellowing equatlion.

M*] ac exp(-t/ty) (5-2)

[E1"] oc - exp(-t/ty) + exp(-t/z ) (5-3)



[E2%] Tiexp(-t/ty) - Toexp(-t/tg)
+ th-TI)exp(-t/rm] (5-4)
- = -1 -1,-1
Ty = Gy oo DT Ty - (o e

where T TEL and T g are the lifetimes of thce monomer

excited state, the exciplex, and the exterplex, respectively.

LOG I(t}
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Figure 5-9. Rise and decay curves of fluorescence for m-
BCzPe - DMTP (0.05 M) system in toluene at 25 °C.

The solid line indicates the simulation line by tLhe three-
cxponential function.

Figures 5-9-(a) and (b) show the decay curves observed at 500 nm
and at 640 nm, respectively. As a main componcnt, the former
decay curve contains the exciplex emission, and the latter, the
exlerplex emission. These decay curves were simulated by the
three-cxponential function as the sum of the exciplex (eq. 5-3)

and the exterplex cmission (eq. 5-4). The solid line shows a
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simulation line. The best-fit three exponential functions are as

follows.

-0.848exp(-1/0.96)+0.881exp{-t/6.57)
+0.229exp(-1/40.99) {5-5)

I500t)

Igg0lt) = -0.779cxp{-t/2.01)-0.075exp(-1/6.57)
+().966exp(-1/40.99) (5-6)

Sinece the liletime, L of the monomer excited state is nearly
in the limit of measurability in this time range, the
experimental error is large. Therefore, Ty Was determined by
means of Lholdooay ¢urve at 365 nm, where the contribution of
the exeiplex and the exterplex emissions can be neglected.
Thus, a ty Vvalue of ca. 1.8 ns was obtained. Then, Tap TEpe and
fpy were evaluated to be 1.8 ns, 6.6 ns, and 41.0 ns,
respectively.

For the BCzPr system, each lifetime was determined in the
same way. The lifetime ty was determined to be 1.8 ns by the
decay curve at 365 nm.  Figures 5-10-(a) and (b) show the decay
curves at 500 nm and at 640 nm for the BCzPr system, respectively,
These decay curves were simulated by the three-exponential

tunction, and the [(ollowing functions were obtlained.

'500('} = <0.917exp(=-1/0.90)+0.42%9xp(-1/9.23)
+0.75%exp(-t/30.12) (5-7)

u

=0.992cxp(=t/1.75)-0.200exp(-t/9.23)
+1.32%xp(-1/30.12) (5-R)

For the BCzPr system, Ty T and tpo were found to be 1.8 ns,

3.2 ns, and 30.1 ns, respectively.
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Figure 5-10. Rise and decay curves of fluorescence for BCzPr
- DMTP (0.05 M) system in teluene at 25 O¢ observed at 300 nm
(a) and 640 nm (b).

e solid line indicates Lhe simulation line by the Lhree-
exponential function.

On the other hand, this scheme cannot be applied 1o r-
BCzPe system, since r-BCzPe forms the excimer. Therefore,
Scheme 5-11 was assumed. [In this scheme, Lhe equilibrium betweon
the monomer excited state and the excimer is taken into account
and is assumed to be reached much more rapidly than the othar
proc:essos.” Sinee the quenchings of both the monomer coxcited
state and the excimer by DMTP are considered to be diffusion-

9)

controlled, the quenching rate constants (kq] for both

processes are assumed to be equal. The constant, k]. k‘?. Kq
and k4 arc Lhe rate constants of deactivalion processes of cach
excited state. In this case. the exterplex is formed in two
processes; one is via the excimer and the other is via the

cxciplex., The rapid exterplex formation via the exeimer was
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Scheme 5-11. Exterplex formation scheme for r-BCzPe system.
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Figure 5-11. Time-resolved emission speetra of r-BCzPe - DMTP
(0.03 M) system in toluene at 25 °c.

The solid and the dash-dotted lines show Lhe emission
spectra in the Lime range from 1.7 ns to 3.3 ns and from 30 ns
Lo 40 ns, respectively. The broken line indicates tLhe
subtracted spectrum in the time range from 1.7 ns to 3.3 ns
after subtracting the monomer and excimer emissions.
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confirmed by the time-resolved emission spectra, as shown in
Figure 5-11. The solid curve gives the emission spectrum in the
time range from 1.7 ns to 3.3 ns. Along with the monomer and the
excimer emissions, a broad emission band was observed in the
longer wavelength region. The monomer and the excimer
emissions were subtraclted by using the emission spectrum at (=0.
The subtracted spectrum is shown by the broken line. It is a
broad emission around 540 nm, which was ascribed to the
exterplex emission. This suggests that the exterplex is formed
in the earlier stage in contrast to the cases of the m-BCzPe
and BCzPr systems. In the later stage from 30 ns to 40 ns (the
dash-dotted line), the relative intensity in the shorter
wavelength region is decreased and that in Lhe longer
wavelength region is increased as comparcd with the subtracted
spectrum in the time range from 1.7 ns to 3.3 ns. This indicates a
slow exterplex formation process via the exciplex.

This exterplex formation scheme leads to the following
risec and decay functions of the monomer excited state, the
excimer, the exciplex, and the exterplex.

IM*) exp(-t/ty), (E*) exp{—t/rM) (5-9}

[E1*] cc - exp(-t/ty) + exp(-t/Tp) (5-10)

[E2*] o {k‘2T3-K'1}Tlexp(-t/ ty) - kéT2T3exp{~t/rH1)

¢ [KyTy(To-Ty)+K 1T Texp(-t/ 1 ) (5-11)
Too (eomloo o -1y-1 . Sl -1y-1
Ty = ley "mogp ™) 70 Tg = Loy “-egp 7
N N (= N
1: {T“ fF] ) ' K = ke/k_e

where K is the equilibrium constant between the monomer excited

state and the excimer. These equations are expressed by the

96

LoG I(t)
LOG I(r)

L] 104 208 57 madand Ll oo 2001 .88 wnipn)

(a) {B)

Figure 5-12. Rise and decay curves of [luorcscence for r-
BCzPe - DMTP (0.05 M) system in toluenc at 25 °C observed at
5300 nm (a) and 640 nm (b).

The solid line indicates the simulation line by the three-
cxponential funetion.

three exponential function using their lifetimes (TM. TEp and
Tpo). Figures 5-12-(a) and (b) show the decay curves observed
at 500 nm and at 640 nm, respectively. By simulating the decay
curve using the three-exponential function, the following decay

functions were obtained.

1500(t1 = -0.914exp(-1/0.60)+0.590exp(-t/3.76)
+0.6T0exp(-1/46.94) {(5-12)
lga0ft) = -0.963cxp(-t/1.55)-0.076exp(-£/3.76)

+1.146exp(-1/46.94) (5-13)

The lifetime, Ty Wwas determined to be 1.7 ns by analyzing the

decay curve at 365 nm. In this way, Ty Ty and tpg for r-
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Table 5-11. Lifetimes of the monomer excited state (tyl, the
exciplex “F.l" and Lhe exterplex [rEZ}. quenching rm'e
constants {kq}. and exterplex-formation rate constants tk2}
for the dimeric model compound systems.

Ty/NS Ty /ns T po/Ns l»cq/lng.\‘lqlshl ké/l(}ﬂs‘l

BEtCz 1 59.3 = 9.8 -

m-BCzPe 1.8 6.6 41.0 9.5 1.4
RCzPr L. N2 an.1 9.5 0,92
r-BCuPe 1.7 3.8 46.9 10.1 2.5

BCzPPe were cestimated to be 1.7 ns, 3.8 ns, and 46.9 ns,
respectively.

The rate constant {kq) of quenching by DMTP and the rate
constant (k:‘} of the exterplex formation from the exciplex were
calculated by using the lifetimes according Lo each formation
scheme. The results are listed in Table 5-I1 together with the
lifetime data. The quenching rate constant is ca. 1x1010 mlg™]
for all systems. The quenching process is an cxolthermic
reaction cnough Lo be diffusion-controlled. The rate constants
k'.z decrease in the order; r-BCzPe > m-BCzPe > BCzPr. This is
due to the difference between the ground state conformation
and the exterplex one. r-BCzPe is considerced to form the
exterplex with the least conformational change ol the three.
The exterplex for r-BCzPe has the longest lifetime of the
three. This suggests that r-BCzPe forms the most stable
exterplex. These BCz dimeric model compounds do not [orm the
fully-overlapped exterplex. Thus, r-BCzlP’e was (found to have
the most favorable confliguration for forming the partially-

overlapped exterplex.
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Figure 5-13. Emission spectrum of PBVCz - DMTP (0.05 M) in THI
at 25 °C. The absorbance of PBVCz at 322 nm is about unity.

Figurc 3-13 shows the emission spectrum of the PBVCz -
DMTE system in tolucne. As well as the monomer and the
exeimer emissions, a broad emission in the longer wavelength
region was observed around 540 nm. This broad band is similar
to Lhe exterplex cemission for the dimeric model compound
systems described previously., PBVCz is also consideored to form

the partially-overlapped exterplex,

5-4. Conclusion

The dimeric model compounds having BCz chromophores form
a partially-overlapped dimer radical cation in a polar solvent
and a partially-overlapped exterplex in a non-polar solvent.
Duc to the steric hindrance of tert-butyl groups., the involved

interactions somewhat are weakened compared with those involved

99



in the dimer radical cation and the exterplex of Cz
chromophore. Among the dimeric model eompounds, r-BCzPc was
found to form the most stable dimer radical eation and
exterplex. This suggests that r-BCzPe has the most favorable
configuration for forming the partially-overlapped dimer radical
cation and exterplex. The formation of the dimer radical cation
and the exterplex was observed even in m-BCzPe and BCzPr
which form no exXcimer. This mecans two things: the
conformational recquirement for the stabilization by the charge-
delocalization leading to the formation of the dimer radical
cation and the exterplex is not so strict as In the case of the
excimer, and lhe stabilization energy by the charge-
delocalization is larger than that of the excimer. As for the
radical cation formed in PBVCz, the interaction among more than
two chromophores is hindered by the steric effect in contrasi
to the case of PVCz, and the formation of the same partially-
overlapped dimer radical cation as in r-BCzPe system was

observed.
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PART 11

STABILITY OF RADICAL IONS OF VARIOUS CHROMOPHORES



CIIAPTER 6

STRUCTURE AND STABILITY
017 NAPHTHALENE DIMER RADICAL CATIONS

6-1. Introductlion

A number of studies have been made on the dimer radieal

1-10)

cations of naphthalene and its derivatives. l.ewis and

L) detected an intermoiecular dimer radical cation of

Singer
naphthalene by ESH. Badger ct al.:” observed its chargoe-
resonance (CKR) band at 77 K by warming a y-ray irradiated glassy
matrix. By theoretical c¢onsideration, Badger and
]3ro(-l(lohurst4) suggested the structure of the naphthalene
intermolecular dimer radical cation to be "distorted”. lric ot
a]..m who recently carried out pulse radiclysis experiments,
proposed two possible structures for the dimer radical c¢ation
ol 1,8-di(Z2-naphthyl)propane (22DNP); a fully-overlapped and a
partially-overlapped con f'm‘mations.gl

In this chapter, transient absorption bands of the
naphthalene dimer radical calions were measured by laser
photolysis for 22DNP, 1-(1-naphthyl)-3-(2-naphthyl)propanc (12DXP}
and 1,3-di{l1-naphthyl)propanc (11DNP), and the stabilities of these
dimer radical c¢alions were discussed in relation to their
conformations or the degree of overlapping of the naphthyl

groups. Fach dimeric model compound with two naphthyl! groups,

which are unsymmetrical about the bond axis with the methyicne
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chain, can take two sandwich conformations. as shown in [Figure
G-1. Both 22DNP and 1IDNP can take a partially-overlapped and
a fully-overlapped conformations, while 12DNIP can take two
conformations of partially-overiapped type only. Thus, L was
possible to photochemically characterize the partially-
overlapped and fTully-overlapped conformations by using the
transient absorption bands Ffor 12DNP as reference. Herc, the

naphthalene radical cations formed in polyvmers of  poly(l-

Partial

(a} 12DNP

Partial
{b) 22DNP

Partial
(c) 11 DNP

Figure 6-1. Overlapped conformations of dinaphthylpropanes:

(a) 12DNP; (b) 22DNP; (¢) 11DNP.
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vinyInaphthalene) (PIVN) and poly(2-vinylnaphthalene} (P2VN) were

studied as compared with the dimer radical cations.

6-2. Experimental Sccetion

6-2-1. Malerials

Naphthalene (Np, Wako Pure Chem. Ind.) was purified by
recrystallizing it from ether three times. 1-Ethylnaphthalene
(1-EN, Tokyvo Kasei Kogyo Co.) and 2-ethylnaphthalene (2-EN,
Tokyo Kasel Kogyoe Co.) were purified by distillation under
reduced pressure. 11DNP, 22DNP and 12DNP were synthesized

11) and

according to the procedure of Chandross and Dempster,
purified by silica-gel column chromatography and
recrystailization.  PIVN was prepared by radical polymerization
of 1-vinylnaphthalene initiated by a,a’'-azobisisobutyronitrile in
henzene. P2VN was prepared by anionic polymerization of 2-
vinylnaphthalene initiated by n-butyllithium in tetrahydrofuran,
These polymers were purified by three-fold precipitation, and
the molecular weight was determined to be 4:«:103 for PIVN and
9x10° for P2VN by GPC (Toyo Soda HLLC 802UR) with a GMH and a
G40001 columns. 1-Vinylnaphthalene and 2-vinylnaphthalene were
synthesized from l-bromonaphthalene (Wako Pure Chem. Ind.) and
2-acetonaphthone (Wako Pure Chem. Ind.), respcctively.

An elecctron acceptor, 1,2-dicyanobenzene (o-DCNB, Wako
Pure Chem. Ind.} was purified by three-fold recrystallization.
Triethylamine (TEA, Wako Pure Chem. Ind.) was purified by
distillation. TEA was used as a radical cation acceptor in the
radical cation transfer experiments.

Acetonitrile (MeCN, Wako Purc Chem. Ind.) was purified by
refluxing over Py0s and subsequent distillation. Spectroscopic

grade of N,N-dimethylformamide (DMF, Dotite Spectrosol) was used
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without further purification.

G-2-2. Measuremenls

Transienl absorption was measured on an excimer lascr
photolysis system equipped with a XeCl excimer laser (308 nm).
Two detection systems were used; one was a photomultliplier
system for measurements in the visible region, and the other was
a photovoltaic indium arsenide (InAs) diocde system for
measurements in the visible and near-infrared regions. The
concentration of naphthyl chromophore was adjusted so that the
absorbance became ca. unity at 308 nm. An electron acceptior, o-
DCNB (1.0xl()'1 M) was added to the sample, and the solution was
degassed by the freeze-pump-thaw method. DMF was used as a
solvent for polymer systems, and MeCN was uscd for other
systems. The measurements were made in a l-cm quartz cell at
298 K. For the radical cation transfer experiments, TEA was
added to the above system as a radical cation acceptor.

The absorption spectra werc obtained with a UV-2008

spectrophotometer (Shimadzu).

6-3. Results and Discussion

Figure 6-2-{a) shows the transient absorption spectrum for
the Np - o-DCNB system at 900 ns after excitation. Np lorms a
dimer radical cation intermolecularly, which is in equilibrium
with the monomer radical cation. In the spectrum, a visible
dimer band at ca. 570 nm and a CR band at ca. 1106 nm wecre
observed along with the monomer bands at ca. 620 nm and ca.
680 nm. The absorption below 450 nm is due to the triplet state
of Np. The CR band at ca. 1100 nm corresponds to the cone at

1030 - 1040 nm3’7'8) observed at 77 K by warming the 5 -ray
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Figure 6-2. Transicent absorption spectra ol radical ecations
with o-DCNB (0.1M) at 900 ns after cxcitation in MeCN at 298 K:
(a) Np (5.9)(](]'3,\1): (b) 12DNP (1.()}(10-3_\1].

irrndiated glassy matrix. The difference in the experimental
conditions has caused the small shift of the peak. This means
that by warming the glassy matrix, Np is allowed to diffuse
enough to form a stable dimer radical cation as in solution. A
comparison with the transienl absorption spectrum for I12DNP as
will be described later suggests that this intermolecular dimer

radical cation has a partially-overlapped structure (a partially-

107



overlapped dimer radical cation)., This is consistent with the
structure preoposcd by Badger and Brocklehurst.‘”

Figure 6-2-(b) shows the transienl absorption speclrum ol
the dimer radical cation of 12DNP at 900 ns aflter excitation.
There was no absorption band of the monomer radical cation, but
only the dimer radical cation was observed. The dimer radical
calion is (ormed intramolecularly. Two dimer bands wore
observed; onc is a visible dimer band at ca. 390 nm, and the
other is a CR band at ca. 1030 nm. These bands correspond to
the dimer bands at 370 nm and 1100 nm for the intermolccular
dimer radical cation of Np. The RIS model (Figurc 6-1-(a))
suggests that 12DNP can take only the partially-overlapped
conformation but not the fully-overlapped one. Thercfore,
these bands were assigned to the intramolecular partially-
overlapped dimer radical cation. This suggests that Np which
shows the same transient absorption spectrum as 12DNP also
forms a partially-overlapped dimer radical <¢ation
intermolecularly.

Figurc 6-3-(a) shows the transient absorption spectrum for
the 2-EN - o-DCNB system at 900 ns after excitation. A shoulder
around 570 nm, which was observed along with monomer bands at
ca. 620 nm and at ca. 680 nm, was ascribed to the partially-
overlapped dimer radical cation formed intermelecularly. This
is confirmed by the fact that 2-EN gives the same CR band at
ca. 1100 nm as Np. There was little effect of the Z-position
substituent on transient absorption bands.

Figure G6-3-(b) shows the transient absorption spectrum of
the dimer radical cation of 22DNP al 900 ns after excitation.
Two visible dimer bands (ca. 580 nm and ca. 660 nm) appear. The
former is ascribed to the intramolecular partially-overlapped

dimer radical cation. 22DNP can take both the partially-
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Figure 6-3. Transient absorption spectra ol radical cations
with o-DCNB (0.1Y) at 900 ns after cxeitation in MeCN at 298 K:
(&) 2=EN (2.9)(10_3.‘1}: (by 22DNP (8.3.1(10_4.'\*1).

overlapped and fully-overlapped conformations. At present, it
is considered that the latter is due Lo the dimer radical cation
having a fully-overlapped conformation. That is, 220NP forms
both partially-overlapped and fully-overlapped dimer radical
cations. The superposed CR band of these dimer radical cations
was obscerved at ca. 1250 nm.  In the pround state, 22DNP takes

the open form in which two naphthyl groups is lar apart from
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cach other owing to a steric repulsion. I a naphthyl group is
pholoexeited, a naphihatene radical cation is formed by an
clectron transfer to o-DCNB. Though the formation of tihe
intramolecular excimer is generally a competitive process, the
electron-transfer quenching is a main process at this high

-2 M).lG) The naphthalene

concentration condition ([o-DCNBI=1.0x10
radical cation with the open form, thus produced in 2ZDNP,
interacts with the neighboring chromophore and forms the dimer
radical cation. Here, there are two kinds of dimer radical
cations depending on the direction of naphthyl groups

approaching each other.

Transient absorption spectra of the radical cation of

22DNP were measured at 25 2C and 72 °C at 500 ns after excitation.
These spectra were almost the same, and no dissociation of the
dimer radical cation to the monomer radical cation was obscrved.
This means that the stabilization energy of the dimer radical
cation is sulficiently large compared with the thermal cnergy at
72 OC (KT = ca. 0.3 eV). Though the partially-overlapped dimer
radical cation is expected to be much more stabilized than the
fully-overlapped one as will be described below, 22DNP forms
both iypes of dimer radical cations. The reason may be as
follows: Lthe conformational change of tLhe dimer radical cation
(the partially-overlapped versus fully-overlapped ones) may pass
through the monomer radical cation state, but the dimer radical
cation scarcely dissociates to the meonomer radical cation at
25 9C owing to the sufficient stabilization ecnergy. Then, the
thermodynamic cquilibrium between the two conformations is not

achieved, and the fraction of these dimer radical cation is

delermined by the direction of naphtlhyl groups at the stage of

initial formation.
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Figure 6-4-(a) shows the tLransient absorption spectrum for
the 1-EN - o-DCNB system at 900 ns alter excitalion. The
monomer bands were observed at ca. 630 nm and ca. 700 nm, which
are shifted Lo longer wavelengths than those of Np and 2-EN.
This is considered to be due to a l-substituted effect. No
observable visible dimer band is detectable, while a CR band is

obscrvabie at  ea. 1200 nm. The CR band is also shifted to
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Figure 6-4. Transient absorption speetra of radical cations
with o-DCNEB (0.1M) at 900 ns after excitation in MeCN at 298 K:
(a) 1-EN (1.6x1079M); (b) LIDNP (8.4x10 M.
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longer wavelengths than those of the partially-overlapped dimer
radical cations of Np and 2-EN. Because 1-EN shows tLhe
substitution effect. and the intermolecular dimer radical cations
of "Np and 2-EN are of partially-overlapped type, it is deduced
that 1-EN may also form a partially-overlapped dimer radical
cation intermolecularly.

Figure 6-4-(b) shows the transient absorption spectrum of
the dimer radical cation of 11DNP at 900 ns afler excitation. On
the analogy of other dimeric model compounds, it is considered
that 11DNP preferentially forms an intramolccular dimer radical
cation. A visible dimer band and a CR band appear al ca. 720 nm
and ca, 1350 nm, respectively. These bands are shifted to longer
wavelenglihs than those for 22DNP, due to the substitution
effect. The CR band is also shifted to longer wavelengths than
those of the intermolecular partially-overlapped dimer radical
cation of I1-IEXN. Like 22DNP, 11DNP also forms a partially-
overlapped and a fully-overlapped dimer radical cation.

The peak wavelength (X.p) of the CR band and the
stabilization energy (DH) estimated from half of the band gap
arc summarized in Table 6-1, The monomeric model compounds
(Np, 1-EN, 2-EN) and 12DNP form the partially-overlapped dimer
radical cation. The CR band of the partially-overlapped dimer
radical cation except 1-EN appears at 1050 - 1100 nm with
eslimated stabilization energy of 0.536 - 0.59 eV. In contrast.
20DNP and 11DNP give a CR band shifted 1o longer wavelengths.
The ohserved CR band is a superposition of the CR bands of the
partiallyv-overlapped and fully-overlapped dimer radical cations.
Therefore, the fully-overlapped dimer radical cation should have
its CR band al a wavelength longer than 1230 nm, and its
stabilization cnergy (Al) should he less Lhan 0.30 eV. This mcans

that the partially-overlapped dimer radical cation is stabler
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Table 6-1. Peak wavelength (A (‘R} of CR
band and stabilization cnergy {(All)
eslimated by hall of the band gap.

ACR/nm AH/oV

Np 1100 0.56
2-FEN 1100 0.56
L-EN 1200 0.52
L2DNP 1050 0.59
22DNP 1250 0.30
11DNP 1350 0.46

than the fully-overlapped one.

To obtain direct information on the stability of the dimer
radical cation, the rate constant of radical cation tlransfer to
TiA was measured.  Figure 6-5 shows the results. The measured
transienl absorption decay of the dimer radical cation in tLhe
visible dimer band is shown by the dotiled line. Figure 6-3-(a),
(b), and (c) show Lhe absorbances for 12DNP (390 nm), 22DNP
(661 nm), and IIDNP (720 nm}, respeclively., For 22DNP and 11DANP,
the contribution of the partially-overlapped dimer radical cation
is negligible at the measured wavelengihs, the absorption being
predominated by the fully-overlapped dimer radical cation. In Lhe
absience of TEA, the dimer radical eation decays by recombinatlion
with the radical anion, o-DCNB., giving a slower decay curve
fcurve 1). The recombination with o-DCNB. is exothermic cnocugh
Lo allow us to assume it to be a diffusion-controlled process, so
the rate constant of recombination was assumed to be the
diffusion-controlled valuec, 1.7x10'% M 1s™l.  When the radical

calion acccplor, TEA , was added, the decay of the dimer radical
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Figure 6-5. Transienl absorption decay of dimer radical
cation without TEA (curve 1) and with TEA (curve 2): {(a) the
decay curve at 390 nm for 12DNP (1.0x10'3M): (b) the decay
curve al 860 nm Tor 22DNP (8.3x10'4M); (¢) the decay curve al
720 nm Cor LIDNP (8.4x1073W).

As for 1lhe econcentration of TEA, sece Table 6-11. The solid
line indicates Lhe simulation line for the radical cation
transfer.
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Table 6-11. Molar cxtinction coefficient (&) at the measured
wavelength (A ) and rate constant {k“_} of the radical cation
transfer to TEA.

[TEAI/107M /o ¢ ki /10901571
12D8P 6.0 590 2000 1.8
22DNP 1.1 660 1950 3.5
LIDNP 6.0 720 1750 2.9

cation was accelerated by the radical cation transfer to TEA, as
shown by curve 2. These decay curves were simulated by using eq.
4 - 6 in Appendix, and the rate constant (ktr) of the radical
calion transfer and the molar extinction cocfficient (&) at this
wavelenglh were determined, Curve 1 was simulated as [[)2]={).
Despite a sufficient amount of TEA was added, Lhe absorbance
did not wvanish completely with a small absorption remaining.
Because TEAY has no absorption at this wavelength, this small
residual absorption is considered to be due to a by-product.
This contribution being minor in any case. the absorbance was
subtracted from curve 2 on simulation. The simulation lines arc
given by the solid curves. The relevanlt parameter values, the
concentrations of TEA and the wavelengths of measurements arc
listed in Table 6-1I. The rate constant Ki, of the partially-
overlapped dimer radical cation is ca. 1.8x10Y M'ls'l. while k. of
the fully-overlapped dimer radical ecation s ca. 3.5x109 mlg7!
for 2208P and 2.9x10° M !s”! for 11DNP.  fence, ki, of the
partially-overlapped dimer radical cation is smaller than that
of the fully-overlapped one, Lhe former being stabler than the

latter. This is consistenl with their stabilitics cstimated by



the CR band.

Furthermore, this result is supported by Lhe fact that XNp,
1-EN and 2-FEN, which can take both the partially-overlapped and
fully-overlapped conformations intermolecularly, preferentially
form ithe partially-overlapped dimer radical cation. The
instability of the fully-overlapped form is due to a large
repulsion force. Badger and Brocklehurst predicted a distorted
structure as a stable conformation of Np dimer radical cation.

Transienl absorptlion spectra of the radical cations [lormed
in P1¥VN and in P2VN were measurcd to investigate the
neighboring chromophore interaction in the polymer chains.
Figures 6-(a) and (b) show the specctra for P2VN and for PIVN in
DME at 900 ns after exeitation, respectively. P2VN gave a visible
dimer band at ca. 660 nm and a CR band at ca. 1300 nm. The CR
band is red-shifted by ca. 50 nm from that of the dimeric modoel
compound, 22DNP, and the ratio of the absorbance of the CR
band to thal of the visible dimer band in P2VN is larger than
that in 22DNP.  As for the trimer radical catlion stabilized by
the charge resonance among three chromophores, the CR band
energy should be g1/2 times that of the dimer radical cation,
according to the Huckel MO theory;a) the CR band for a
naphthalene trimer radical cation should appear in a iongor
wavelength region than 15330 nm. Therefore, the visible dimer
band and the €R band are esscntially the same as those for
22DNP. A similar result was obtained for PIVN.,  PIVN gave a
visible dimer band at 700 - 750 nm and a CR band atl ca. 1400 nm.
These bands appear at almost the same wavelengths as those for
the dimerie model compound, 11DNP.  This means that in the
polyvmer chain the dimer radical cation is formed between 1wo
neighboring chromophores and that the necighboring chromophore

interaction in the polymer c¢hain can be well desceribed by the
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Figure 6-6. Transient absorption spectra of radical cations
with o-DCNB (0.1M) at 900 ns after cxecitation in DMF at 298 K:
(a) P2VN; (b) PIVN.

The concentration of naphthyl chromophore is 3.0x10"3M for
P2VN and 1.6x10_3M for PI1VN.

dimer model. This contrasts to Lhe fact that poly(N-
vinylecarbazole) (PVCz) shows the CR band shifted to longer
wavelengths than the dimer radical cation and that the radical
caltion in PVCz is stabilized by the neighboring chromophore

interaction among more than two chromophoroes,
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CHAPTER 7

THEORETICAL CONSIDERATION OF DIMER RADICAL. CATION
BY MO CALCULATION

7-1. Inlroduction

In the previous chapters, the structure and stability of
carbazole and naphthalence dimer radical cations were studied:
for the ecarbazole dimer radical cation, the fully-overlappod
structure is stabler than the partially-overlapped one, whereas
flor the naphthalene dimer radical cation, the partially-
overlapped one is stabler than the former. The stability of
the dimer radical cation is generally considered to be
determined by the balance between the stabilization by charge
delocalization and the repulsion between chromophores, The
larger the degree of overlapping of chromophores, the larger
the stabilization by charge delocalization, but also the larger
the repulsion.

Badger and Brocklchurst!’ calculated the electronic
onergy  levels of the intermolecular naphthalene dimer radical
cation for some typical arrangements by errkol MO theory and
compared the results with the absorption bands obtained
oexperimentally. For the naphthalene dimer radical calion, they
suggested a sandwich arrangement that is distorted owing to the
large repulsion force between the filled z orbitals in a fully-

overlapped arrangement.
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In this chapter, the CR band encrgies of carbazole and
naphthalene intramolecular dimer radical ecations were calceulated
by CNI)O/S:” for the stable conformation predicted by Austin
Model 1 (1’\:\1]).3J The results of the caleulations were comparced
with the experimental data presented in Chapters 2 and 6. The
difference between carbazole and naphthalene dimer radical
cations was discussed in terms of the clectronie states
associated with the CRKR band,. Furthermore, the energy
decomposition analysis of molecular interaction by Morokuma and
Kitaura‘” was applied to the carbazole and naphthalene dimer
radical cations, and the factor that will govern stabilization

was discussed,

d»> o dj
M

<P,
Ci] 9, ¢ Cs
T1-76 ’ B3| ¢

D A

Figure 7-1. Oplimized conformational paramctecrs of a
methylene chain by AMI.
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7-2. Calculation Method

7-2-1. Dimer Structure and CR Band Encrgy

As the band encrgy is sensitive to the dimer structure, a
stable conformation of a dimer radical ecation is scarched by
AM1 before calculating the CR band cnergy. AMI is a new
paramelric qguantum mechanical molecular model proposed by
Dewar ot al..:” which is based on the NDDO approximation with a
modificd core repulsion funetion in _\1.-\[)0.5} By mcans of AMI,
the conformation of a dimer radical cation was oplimized by
changing lhe siruecture of Lhe methylene chain linking two
chromophores. The optimum conformational parameters of the
methylene bridge are shown in Figure 7-1, whiceh inciude four
bond lengths (dl. d2. da, and d4), four rotational angles (gﬁ],
¢v2. @ as and ¢4). and three bond angles [01. 84, and 03). Tho
proton and/or the methyl group attached to C!. C:»:' and Cgq
carbons were fixed in the stable location with a standard bond
length, bond angle and retational angle. For the struetural
barameters for a carbazole ring, the data obtained by X-ray

1.5'7} For a naphthyl

analysis of carbazole derivatives were usec
rirng, Lhe standard bond length, bond angle and rotational angle
were used. The optimization was made for meso- and rac-2.4-
di{N-carbazolyl)pentanes (m- and r-3CzPe), 1,3-di(l-
naphthyllpropane (1IDNP)}, 1,3-di(2-naphthyl)propanc (22DNP), and -
{(t-naphthyl)-3-(2-naphthyl)propanc (12DNP). The initial
conformation for m- and r-DCzPe are shown in Figure 7-2; the
fully-overlapped conformation in a TT form of a methylene chain
for m-0DCzPe and the partially-overlapped conformation for r-
DCxPe. r-DCzPe takes the partially-overlapped conformation by

roLating 962 by ca. 30 degree from a TT form. In Lhis

conformation, a benzene ring of one carbazole ring is made to
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(a) (b)

Figure 7-2. Initial conformations of m-DCzPc (a) and r-DCzPe
(b) for optimization by AMIL.

overiap, if partially, with a benzene ring of the other
carbazole ring. As shown in Figure 7-3, each dinaphthylpropanc
(DNP) can take two Lypes of overlapped conformations of
naphthyvl rings, for a naphthyl ring is asymmelric aboul a
subslitution axis. 12DNP gives two types of the partially-
overlapped conformations, and 11DNP and 22DNP give a fully-
overlapped and a partially-overlapped conformation. Therefore,
calculations were made on the two initial conformations for cach
dimeric model compound.

CNDO/S was applied to the dimer radical cations which are
in the oplimized conformation determined in this way. The
clectronic states and energy levels of carbazole and
naphthalene dimer radical cations were calculated, and the

absorption band was estimated via the CI calculation.
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Figure 7-3. Initial conlormations of

22DNP ()

for optlimization by AMI.
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7-2-2. Energy Decomposition Analysis of Charge Delocalization
Interaction

The conergy decomposition analysis method of molecular
interaction by the Ab Initio method proposced by Morokuma and
Kitauruq} was applied to a dimer radical cation. Their method
is bascd on a Hartrec-IFock supcrmolecule calculation. In the
supermolecule method, the binding encrgy, BE, of a dimer radical

cation is calculated with
BE(R) = E(Dy, R) - E(D) - E(D) (7-1)

where E(YH and E(D) arc energies of a radical cation and a
nculral molecule, respectively, and E{sz. R) is the energy of a
supermolecule, a dimer radical cation with a gcometry K.
According to their method, the interaction energy, INT, is
decomposed into physically meaningful encrgy componenls as

[ollows,

Figure T7-4. Arrangements of carbazole for cncergy
decomposition analysis of charge delocalization interaction:
a fully-overlapped arrangement (F) and a partiatly-
overlapped ones (P).
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INT = ES + EX + PL +» CT + MIX (+DISP) (7-2)
where ES is the electrostatic or Coulombic interaction between
the eleetron distributions of isolated moleccules, X is tho
exchange repulsion cnergy, Pl is the polarization cnergy, CT is
the charge transfer cncrgy, MIX is the higher order coupling
term among various interaction components, and DISP is the
dispersion cnergy. In the present calculation, DISIP is not
included. As a basis function, STO-3G was uscd,

This cnergy decomposition analysis was carried oul for
carbazole and naphthalene intermolecular dimer radical cations.
For carbazole, the calculation was made for the partially-

overlapped and flully-overlapped arrangements shown in Figure 7-

IFigure 7-5. Arrangements of naphthalenes (or cnergy
decomposition analyvsis ol charge delocalization interaction:
one fully-overlapped arrangement (F) and threce partially-
overlapped ones (P’1, 1’2 and P3).
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4, Fer maphthalenc, the calculation was made for the onc
fully-overlapped arrangement (F) and the three partially-
overlapped arrangements (P1, P2, and P3) shown in Figure 7-35.
In tLhese cases, chromophores (carbazole or naphthalene) lic in

two parallel planes separated by a distance d.

7-3. Results and Discussion

7-3-1. Eslimation of Structure and CR Band Energy of Dimer
Radical Cation

The optimized conformations of carbazole dimer radical
cations for m- and r-DCzPe are shown in Figure 7-6. Both of
Lthe fully-overlapped dimer radical cation for m-DCzPe and tihe
partially-overlapped one for r-DCzPe gave a potential minimum
in the conformation when two carbazolyl rings are somewhal
more separated than in the parallel arrangement of Lhe sandwich
conformation. Figure 7-7 shows the optimized conformation of
the naphthalene dimer radical cation for 11DNP. Like carbazole
dimer radical cations, two naphthyl rings are more separatced
than in the parallel arrangement. For 22DNP and 12DNTP’, the
same resulits were obtained. In this way, thc present
semiempirical MO calculation, AMI, indicates thal the carbazole
and naphthalene intramolecular dimer radical catiens do nol
take a perfeect sandwich conformation but one in which Lwo
chromophores are somewhat more separated. Thus far, the
conformation of carbazole dimer radical cations of DCzPe has
been discussed by analegy with the structure of the excimer.
However, Lhe struclure of the excimer itself has not firmly becet
cstablished yet., For the dimer radical cations of 22DNP, the
proposal of the fully-overlapped and partially-overlapped

conformations is on the basis of trans-gauche rotations of a
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Figure 7-6. Optimized conformations of carbazole dimer
radical cations for m-DCzPe (a) and r-DCzPc (b).

methylene bridge, but no theoretical ground. At the present
stage, the structure of the dimer radical cation cannot be
determined experimentally. In the abscnce of any effeclive
experimental method to determined the structure of the dimer
radical cation, the author believes that Lheoretical prediction
is the only method to investigate the dimer structure. As will

be described later, the calculaled CR band with the predicted
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(a) Partial (b} Full

Figure 7-7. Optimized conformations of naphthalenc dimer
radical cations for 11DNP. (a) and (h) indicate the
partially-overlapped and fully-overlapped conformalions,
respeclively,

dimer structure qualitatively agrees with the cexperimental
result. This may indicate the validity of the application ol AMI
to the estimation of dimer structure. In this cstimation, it is
noted that, roughly speaking, the fully-overlapped and
partially-overlapped conformations exist in a potential minimui.
This mecans that the hitherto-expected structure of dimer radical
cations is valid Lo some oxtent.

With these optimized conformations, the electronic states

and cnergy levels of dimer radical cations were calculated by
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Table 7-1. Visible and CR bands of carbazole dimer radical

cations.
Visible Band / nm CR Band / nm
calculated observed calculated observed
m-DCzPe 6R0 760 1341 1600
r-nDczPe 664 710 1441 1800

CxDO/S, and their absorption band cnergies were estimated by
the Cl calculation. The results for the carbazole dimer radical
cations are comparcd, in Table T7-1, wilh the experimental data.
The MO calculation could reproduce the experimentally-observed
tendency ol the wavelength shifts of the absorption band. That
is, the [lully-overlapped dimer radical cation for m-DCzPe showed
the visible dimer band at a longer wavelength and the CR band
al a shorter wavelength than those of the partially-overlapped
dimer radical cation for r-DCzPe. Tor Lhese dimer radical
cations, the electron distribution of the splitted HOMO's
associated with the €CR band was investigaled; consequently, the
cxcitation of the CR band was suggested to be of a charge
transfer type. Figure 7-8 shows the cleelron density
differences induced by the transition of the CR band. As a
whole, the electron density in one carbazole ring decreases, and
that in the other carbazole ring increases; the electron of one
carbazolyl ring in the lower orbital of splitted HOMO is excited
lo the upper orbital of the HOMO in which the electron is
localized in the other carbazolyl ring. The change of Lhe
electron densily on the N atom is particularly large. The N

atom strongly affects the electronic state of the dimer radical
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(a) Full (m-DCzPe)

(b) Partial (r-DCzPe)

Figure 7-8. Flecctron density differences induced by CR band
transition for m-DCzPe (a) and r-DCzPe (b).

cation.

On the other hand, as for the visible dimer bands of
naphthalene dimer radical cation with differently-overlapped
conformalions, the calculation results were nol systemalic.
Table 7-11 shows the calculated CR bands of the two types of
naphthalene dimer radical cations for each dimeric model
compound aleng with the experimental data. The results predict
the lollowing; the partially-overlapped dimer radical cations

except that of 22DNP give a CR band around 1600 nm, while the
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Table 7-11. CR bands of naphthalene dimer radical
cations.

calculated/nm ohserved/nm
12DNP 1662 (P) 1588 (P) 1050
L1DAP 1878 (P) 2398 (F) 13350
22DNP 1920 (P) 1958 (F) 1250

* The character in the parentheses indicates the type of
overlapping; F and P are a fully-overlapped and partially-
overlapped Lypes, respectively.

CR band of the fully-overlapped dimer radical cation appears at
ca, 2000 nm. As described previously, the stronger the
interaction, to a shorter wavelength is the CR band shifted.
Therefore, these calculations show that the partiallyv-overlapped
dimer radical cation is stabler than the fully-overlapped one.
consistently to the experimentai results studied by the radical
cation transfer method in Chapter 6.

The experimentally observed CR band for the dimer radical
cation is considered to be a superposition of thosc af two
tvpes of dimer radical cations. For 12DNP, two Kinds of
partially-overlapped dimer radical cations were theoretlically
prodicted to show a CR band commonly around 1600 nm.
Therefore, the superposed CR band of the partially-overlapped
dimer radical cations for 12DNP should appear around 1600 nm.
Experimentally, the CR band for 12DNP was observed around
1050 nm.  Tor T1DNP and 22DNP which form two types of dimer
radical cations, the superposed CR band could not be predicted

because the fraction of Lhese dimer radical cations is unknown.
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Figure 7-9. Fleetron density differences induced by CR band
transition for 12DNP (a), 11DNP (b) and 22DNP (c).
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But it should be longer than 1600 nm in wavelength. This
tendency is accord with the experimental dala.

Figure 7-9 shows the clectron density differences induced
by the CR band transition for cach conformation. As a whole,
the CR band transition was found to be a tyvpe of charge
transfer from one naphthyl ring to the other. In contrast to
carbazole dimer radical cations, the transition electron is not
localized on a specific atom, bul is delocalized in a naphthyi
ring. The difference between carbazole and naphthalene dimer
radical cations is reflected clecarly in the elcctronic

delocalization.

7-3-2. Estimate of Interaction Encrgy of Dimer Radical Catlion

In this section, Lhe interaction cnergy of dimer radical
cation was decomposed into physically meaningful encrgy
componenls tLheoretically on the basis of the Ab Initio data.
The interaction energy is sensitive to dimer geometrics,
especially, Lo the overlapping and the distance between iwo
chromophores. First of all, the dependence of tLhe interaction
cnergy and its energy components on the interplanar distance
was cxamined in a sandwich and fully-overlapped arrangement.
The results for N-H carbazole and naphthalene are shown in
Figures 7-10 and 7-11, respectively. The isolated stale in which
two chromophores have no interaclion, with a positive charge
localized in a chromophore was taken as an cnergetic reference
level. A positive energy indicates an unstable state, and a
negative energy indicates stable state. Both carbazole and
naphthalene dimer radical cations show similar dependence on
the interplanar distance. With decreasing interplanar distance,
EX increases, and CT and ES decrease. That is, EX is repulsive,

while CT and ES are attractive. PL has little dependence on
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IFigure 7-10. Dependence of interaction cnergy components ol
the interplanar distance for fully-overlapped dimer radical
cation of N-H carbazole,

the interplanar distance. At shortler distances (< 3.5 A), EX

predominates CT and ES. Therefore, the total interaction
energy, INT, increases with decreasing interplanar distance, and
the potential curve is repulsive. For both carbazole and
naphthalene, INT becomes a minimum at ca. 4 A. This interplanar
distance may be reasonable: Badger and Brocklehurst 1) used a

distance of 3.0 A in the theoretical calculation of naphthalene
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Figure 7-11. Dependence of interaction encrgy components

the interplanar distance for fully-overlapped dimer

cation

dimer radical cation, and in the studies of excimer,

of naphthalene.

interplanar distance is usually assumed to be 3.0 - 3.5 A.m

Secondly, the interactlion encrgies of carbazole
naphthalene dimer radical cations were investigaled for

ful ly-overlapped and partially-overlapped arrangements (Figures

7-4 and 7-5}. The interplanar distance was fixed to be

The result

s arce shown in Table T-111.
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Table 7-111. Interaction energy components of carbazole and
naphthalene dimer radical catlons estimated by Ab Initio.

Carbazole Naphthalenc

P1 P2 P3

ENT -1.70 -1.13 -2.14 -1.87 -1.99 -1.890

EX 0.52 0.28 0.45 0.31 0.35 0.4
ES -1.61 -0.73 -2.00 =162 -1.83 -1.66
PL =51 -0.63 -0.36 -0.49 -0.41 -0.47
T =011 -0.06 ~0.23 -0.07 =010 -0.08

{kcal/mol)

# The interplanar distance is fixed to be 1.9 A.

#*»F indicates fully-overlapped arrangement and P, Pl, P2 and
3 indicate partially-overlapped ones,
These arrangements are shown in Figures 7-4 and 7-5.

each dimer radical cation is negative, and thus each state is
stable. EX is a repulsive component. ES, PL and CT arc
attractive components, of which ES contiributes the most to the
stabilization of dimer radical cation. As for carbazole dimer
radical cations, the values of INT indicate that the Fully-
overlapped dimer radical cation is stabler than the partially-
overlapped one. This is consistent with the experimental
results described in Chapter 2. The large stabilization in the
fully-overlapped arrangemenl is considered Lo be due to a
strong interaction between N atoms. This presumably has a
correlation with the theoretical result showing that a large
cleclron-density change on N atom is induced by the CR band

transition. Among the threce partially-overlapped naphthdlene
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dimer radical cations (Pl, P2 and P3), Lhe calculated interaction
energies are almost the same. INT indicates that the fully-
ovorlapped dimer radical cation is stabler than Lhe partially-
overlapped one. This is inconsistent with the experimental
results deseribed in Chapter 6. The differcnce of INT between
two Lype ol naphthalene dimer radical cations is ca. 0.2 Keal/mol,
the value being even smaller for carbazole (ca. 0.6 kcal/mol). 11
is considered that the difference of 0.2 keal/mol may be within
the calculatien cerror by the following reason. In the
partially-overlapped conformation, the repulsion i{s smaller than
that in the fully-overlapped onc. Nevertheless, the same
interplanar distance was assumed. Therefore, INT for the
partially-overlapped dimer radical cations may beo

underestimated.

7-4. Conclusion

By means of AM1, the structurcs of the dimer radical
cations of DCzPe and DNP were estimated. The results show that
the fully-overiapped and partiallv-overlapped conformations ure
in potential minima, even though two chromophores arec somewhat
more separated than in the parallel arrangement. This may, Lo
some exlent, justify the hitherto-assumed dimer geometries, in
these optimized conformations, the CR band was calculated by
CNDO/S, and the experimentally observed relationship between
the CR band shilft and the chromophore overlapping (full and
partial overlapping) were reproduced successfully. The analysis
of the electronic states indicated that the excitation of the CR
band is of a charge transfer type. For carbazole, a
particularly large change of electron density on the N atom was

predicted to be induced by the CR band transition.
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The energy decomposition analysis was applied to the
intermolecular dimer radical cations of N-H carbazole and
naphthalene, and the interaclion energy components warc
calculated by Ab Initio calculations. In this a.nalysis, the
contribution of ES to the stabilization of the dimer radical
cation was found Lo be very large. As for c¢arbazole, the
fully-overlapped dimer radical cation was predicted to be
stahler than the partially-overlapped one, in agreemenl with the
experiments.

The agreement belween theory and experiment was betlter
for carbazole than for naphthalene. Perhaps, the N atom in

carhazole may be playving an important role in this problem.
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CHAPTER 8

STABILITY OF TEREPHTHALATE RADICAL ANION [FORMID
IN POLY(VINYI, METHYL TEREPHTHALATE)

8-1. Introduction

A large number of studies have been reported regarding
dimer radical cations and DDA tlype excited triple complexes
(exterplex) which consist of two electron donor (D) and an
clectron acceptor {A). In contrast, there have been only a fow
reports regarding the formation of aromatic dimer radical

ani()nsl'sj 4.5)

and DAA exterplexes formed by c¢harge
delocalization of a radical anion with a neutral electron-
accepling chromophore., Shida ot al.,2) who studied dianthracenc
in y-irradiated rigid methyltetrahydrofuran solutions at 77 K,
obscerved the charge-resonance band of anthracene dimer radical
anion in the near-infrared region. Hirata et al.‘” reported the
formation of DAA exlerplex of benzonitrile - amine syslems.
Tsuchida et al.G} investigated, by the radical anion transfer
method, the stabilization of the radical anien formed in
poly(vinyl methyl terephthalate} (PYMTP) or in its dimerie model
compounds with Lwo lLerephthalate {TP) groups linked by a
methylene chain. For both PVMTP and the dimeric model
compoeunds, the radical anion transfer to 1,4-dicyanobenzene (p-

DCNB) or to 1,2,4,5-tetracyanobenzene {TCNB) was found to be

highly suppressed as compared with the case of a monomer model
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compound, dimethyl terephthalate (DMTP) Furthermore, the
degree of suppression in PVMTP was much higher than that in
the dimeric model compounds. In facl, no radieal anion transfoer
1o p-DCNB was observed in the PYMTP system. This 15 considered
to be due Lo the stabilization of Lhe radical anion by
interactions with the neighboring chromophores.

In this chapter, by nanosccond lascr photolysis Lhe
radical anion transfer to p-DCNB was mcasured for copolymers of
vinyl methyl tercphthalate (VMTP) with vinyl acetate (VAce), and
the reclation between the sequence of TP chromophores and the
stabilization was discussced to elucidate the nature of the

radical anion lormed in PVMTP, Furthermore, the Tlluorescent

behavior of PYMTP and its model compounds in the presence of

an cleetron donor, N-ethylcarbazole (EtCz), was studied, and the

possibility of DAA exterplex lormation was considered.

8-2. Experimental Scetion

8-2-1. Polymers
VMTP was synlhesized by the ester cxchange reaction of
vinyl acetate with terephthalic acid monomethyl ester (Tokyo

).7) The crude sample was purified by passing

Kasci Kogvo Co.
Lhrough a silica-gel column with dichloromethane as cluent and
subsequently recrystallized [rom hexane. PVMTP was preparcd by
radical polymerization in benzene with AIBN as initiator. The
weight-average molecular weight (M) was cstimated Lo be 1x10°
by GPC (Toyvoe Soda HLC 802UR) with a G4000H and a GMI columns.
VAce (Wako Pure Chem. Ind.) was purified hy distillation, Four
copolymers of VYMTP and VAc were prepared by radical
copolymerization initiated by AIBN in a benzene solution al G0

Q. The conversion was always below 30 mol%. The copolymer
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samples were purilicd by precipitation three times from a
benzene solution into hexane. The molecular weight (W) of
these copolymers was estimated by GPC.  The mole fraction af
Lerephthalate units (f'-l-p) was determined by UV absorption on the
basis of the known molar extinction coefllicient of DMTP in
dichloromethane (¢ = 1.87 x 10% mlem ! at uas nmj.
Copolvmerization data are shown in Table 8-I. The copolvmer
are designated as Pl, P2, P83 and P4 in the order of increasing
frp-  The monomer reaclivity ratios, ry and ro, were determined

by the Fineman-Ross !’ncthodBJ to be 0.26 and 0.64, respectively,

Table 8-1. Characterization of copolymers of VMNTP wiih Vac.

Copolymer F1 ) rTP2) ?\'lw/lo4 3)
Pl (.20 0.13 L9
p2 0.52 0.3] 2.9
B3 b2 0.49 3.4
P4 3.5 0.62 3.4

1} Monomer feed ratio of the copolvmerization.
(F = [WMTR],. / [VACIO}

2)Mele fraction of TP unit in the copolymer determined
by UV absorption.

3 Molecular weights determined by GPC (polystyrene
equivalent).

8-2-2. Other Chemicals

IFtCz was synithesized by N-alkvlation of carbazole and
purified by rcerystallization. DMTP  (Wako Pure Chem. Ind.) and
p-DCNB (Wako Pure Chem. [nd.) were purified several times by

recrystallization. Dimeric mode! compounds, 1,3-bis[p-
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(methoxycarbonyl)benzoyloxylpropane (1,3-MTP) and rac-2,4-bis|p-
(methoxycarbonyl)benzoyloxylpentane (2,4-MTP) were synthesized

6) Dichloromethane (Dotite

and purified as reported previously.
Spectrosol) and benzene (Dotite Spectrosol) were uscd without
further purification. Benzonitrile (Wako Pure Chem. Ind.) was

fractionally distilled.

8-2-3. Mcasurements

The transicent absorption measurements were made in
benzonitrile for the copolymers and the dimeric model compounds
in the presence of an electron donor, EtCz. The absorption
specetra and decays of the radical ions (EtCzt, TP, and p-
DCNBY) produced by photoinduced electron transfer were
measured by nanosecond laser photolysis. Sclective
photoexcitation of EtCz was made by a second harmonic pulse
(347 nm) of a Q-switched giant pulse ruby laser for Lhe copolymer
systems and by an excimer laser pulse of Xel (308 nm) for the
model compound systems. All samples for the laser photalysis
werce degassed by the freeze-pump-thaw method. In the
measurement of the laser photolysis, the absorbance of EtCz was
adjusted to about unity at an excitation wavelength, and the TP
chromophore concentration was adjusted to 1.0 X 10“l M for the
copolymers and to 5.0 x 1002 M for the model compounds.,  lor
radical anion transfer experiments, 1.0 x 1072 M of p-DCNB  for
the copolymers and 2.0 X 10°° M of p-DCNB for the modcel
compounds were added to the above systems.

The reduction potentials of DMTP and p-DCNB werce measured
by ecyelic voltammetry with a reference electrode (Ag/0.01 N Ag'
in acetonitrile) and were determined to be -2.11 V and -1.97 V,
respectively.

The fluorescent properties of the EtCz exciplex of PVMTP
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and its model compounds were studied in degassed benzene.  The
emission spectra and lifetimes of the exciplex were measured by
a Hitachi 850 spectrophotofluorometer and a single photon
counting mcthod (PRA Inc. model 3510B), respectively, under the
condition of selective photocxcitation of E1Cz. In the
measurements of the exciplex, the concentration of FLCz was
adjusted to below 3x10°% M to avoid an intermolecular
interaction, and the TP chromophore concentration was adjusted
to 2.0x10°Y M for PYMTP and 1.0x107! v for the model compounds.

The UV absorption speclra were recorded on a Shimadrzu

LV-2008 spectrophotometer.

0.7

ABSORBANCE
~0
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o—"° el

1 | | L
400 500 600 700 800
WAVELENGTH / nm

Figurc 8-1. Transient absorption spectrum of ELCz - Pl
system in benzonitrile mecasured by nanosecond lascor
photolysis at 298 K at 1! us after excitation.

The absorbance of EtCz at 347 nm is about unity. The
(sunlccnlration of TP chromophore in the copolymer is 1.0 X
107" M.
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8-3. Resulls and Discussion

8-3-1. Transicent Absorption Spectra of TP. in the Copolymers
['igure 8-1 shows the transicnt absorption sp(x.'l.rurn ol the
1Cz - P1 system in benzonitrile. This spectrum is almoest the
same as that of the monomer model compound, EtCz - DMTP
system,  The absorption bands arocund 780 nm and 530 nm were
assipned to EtCzt and TP, in the copolymer, respectively.

Other copolymer systems gave similar transient absorption

-

) ‘ (V)

Figurce 8-2. Transient absorbance decay measured at 330 nm in
benzonitrile.
(1): EtCz - P1 - p-DCNB system, (I11): EtCz - P2 - p-DCXB
system, (111): EtCz - P3 - p-DCNB system, (I1V): FtCz - P4 - p-
DCNB system.

The absorbance of FtCz is about unity. The concentrations ofl

TP ehromophore in the copolymers and p-DCNB in cach system
= -0 .
are 1.0 x 10 ' v and 1.0 x 1074 M, respectively.
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spectra as that shown in Figure 8-1. The molar exlinetion
coefficient of TP, for each copolymer at 530 nm was delermined
to be eca. 1.3 x 10% mlem ! on the basis of that ol EtCz! at
780 nm (& = 9.4 x 10% M_Icm_]). The molar extinetion coefficient. of
TP. in the copolymer was independent of fTP' This wvalue is
almost the same as that of DMTP. (¢ = 1.2 x 104 M_lcm'l). The
fact that no change was obscrved in the transient absorption
spectra means weak interactions between the neighboring

chromophores,

8-3-2. Radical Anion Transfer from TP. to p-DCNB

Figure 8-2 shows the decay at 530 nm which was mainly
assigned to TP. in the copolymer. In the abscnce of p-DCMB,
TP. decreases by the recombination with Etcz?, but its
absorption hardly decays in this time region (< 1 wgs). On Lhe
contrary, when an clectron acceptor, p-DCNB, which has a lower
reduction potential than the TP chromophore, is added, the
decrcase of TP. is accelerated, as shown in Figure 8-2. This is
duc to the radical anion transfer lrom TP, in the copolymer to
p-BCNB.  The decay consists of a fast decay component in the
short time region (< ca. 200 ns) and a slow decay component
following the fast decay. As frp increases from 0.18 to 0.6Z,
the fast decay component decreases.

These decay curves were simulated by using the scheme
shown in Figure 8-3. A fraction rlr of TP. in the copolyvmer
transfers an electron to p-DCNB with a rate constant ktr' whilc
the remaining fraction l—ftr do not, being stabilized by the
neighboring interaction. The concentration of TP. ([TP.]) at
time L is expressed by eq. 8-1, as the decrcase of TP. by Lhe
recombination with EtCz! is negligible in this time region (<

1 us).
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[TPT] = ITP],(f, exp(-k; [p-DCNBJt) + (1-f, )}  (8-1)

where [TP7}, and [p-DCNB] are the concentration of TP. and p-
DCNB al t = 0, respectively. The first term in the parentheses
corresponds to the (ast decay component in the observed decay
curve and represcnts the decrease of TP, via the radical anion
Ltransfer, The second term corresponds to the slow decay
component where TP. does nol decrease in this time region.

The observed decay curves at 530 nm were simulated using
cg. 8-1. Since the absorbances of EtCz! and p-DCNB. overlap
slightly on that of TP., the contribution ol these radical ions
was subtracted on simulation. The initial concentration [TPTL)

was also determined from the absorbance at t = 0 at 530 nm with

the overlap contribution of EtCz! and p-DCNB. suitably  taken

CN

Figurce 8-3. Scheme of radical anion transfer from TP, in
copolyvmers to p-DCNB.
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inte account. The formation of p-DCNB. through direct
quenching of an excited EtCz was also taken into account. The
results are summarized in Table 8-11, and the simulation linos
are given by the solid line in Figure 8-2. The rate constant
K¢p» was found to be 7.7 x 108 m1g71 for each system. The
fraction of clectron-transferable TP, f{p» decreascs in the
order, Pl {fLr = 0.83) » P2 (fy,. = 0.64) > P3 (fyp = 0.48) > P4 (i
= 0.21) with increasing fTP'

Table 8-11. Simulation parameters of decay curves
at. 530 nm.

Copolymer P ke /208 H1g71
Pl 0.83 it
P2 0.64 7.7
P3 0.48 7.7
P4 0.21 T

8-3-3. Stability of TP. in the Copolymers

In this system, the degrec of interactions between the
neighboring chromophores depends on the sequence distribution
of VMTP in the copolymer. The fraction f; of isolated TP
groups in the copolymer, i.e., the fraction of the triad sequence
VAc -~ VMTP - VAc was calculated from N and the feed ratio (I
= [VMTP]/[VAc]) using cq. 8-2.9)

[y = (lergF)~2 (8-2)

The ecalculated values of fi for Pl, P2, P3 and P4 are 0.90, 0.78,
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0.58

between the translerable fraction I‘U. and fi' The value of f

and 0.27, respectively. Figure 8-4 shows the relation

LE

is somewhat smaller than f. lor each copolymer. This is

1

presumably due to underestimation of the initial absorbance of

TP

since the radical anion transfer also occurs in the

cexcitation puise width of 14 ns, which is out ol the time-

resolution In this system. It may be concluded that the

transferable [lraction f'“. is roughly proportional Lo f'_[‘ This

means that the radical anion TP. formed

VMTP - VAe is clectron-transferable,

in the sequence VAc -

while the TP.s formed in

sequences with adjacent VMTP's cannot transfer any electrons 1o

p-DCNB.  In fact, for the TP. formed

no

in the homopolymer PVMTI,

radical anion transfer to p-DCNB occurs at all. It s
1
(@
P1
o
P2
« 05F o
F3
@)
P4
l
0 05 1
fi

Figure 8-4. Translerable [raction l'“.

fs.
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versus isolated fraction

stabitized by interactions among more than once adjacent TP

chromophores.

8-3-4. Comparison with Radical Anion of Dimecric model Compounds

In order to compare the dyvad sequence of VMTP in Lhe
copolymer with the dimeric model compounds. the radical anion
transfer to p-DCNB was measured for the TP. of the dimeric
moddel compounds and DMTP, and ki was determined more exactly
by observing the initial transient absorption decay of TP. al
330 nm in the time region (< 1 gs) where the recombination procoess
conid be negleeted.  The measured rate constants were: .2 x
10" W™ ror e, 1o x 102 MlsT! for 24-MTP, and 7.2 & 108
wis™t for 1,3-MTP.  The radical anions of the dimerie modoel
compounds transler an clectron to p-DCNB more slowly than that
ol DMTP due to the stabilization exerted by the interactions
between the neighboring chromophores. Furthermore, Lhe
stabitity of 1,3-MTP is stronger than that of 2,4-MTP, which can
be explained by the difference in Lthe conformation between the
dimerie model compounds, i.e., 1,3-MTP is casicr to take a
sandwich like conformation than 2,4-MTP.

On the other hand, the radical anion TP. formed in the
copolymer scquence VAe - VMTP - VTP - VAe does nol Lransfer
its clectron to p-DCNB as deseribed above. This suggoests that
the TPT in the sequence VAc - VMTP - VMTP - VAc¢ in the
copolymer js stabler than the dimerie model compound.  This
enhanced stabilization observed in the polyvmer system scoms 1o
be caused partly by a stronger neighboring interaction and
partiy by a steric effect of the polymer chain hindering p-DCNB
molecules from approaching.  Such slerie hindrance of a polymer
chain were secn in the radical cation transfer for PVCz systems

as deseribed in Chapter 3. Due to the sterie effect, the chance
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Iigure 8-5. Relation between ktr and free energy change in
the radical anion transfer from TP. to p-DCNB.

of eleetron transfer in the polymer system would be smaller
than in low-molecular-weight compounds, and hence the transfler
rate constant is smaller in the former system than in the
latter. Figure 8-3 schematically shows the above situation. The
relation between ktr' and the free energy change AG for tho
clectron transfer is shown by the solid curve: kt.r decroascs
slowly at first with increasing AG in Lhe exothermic region and
drops rapidly at and above ca. AG = 0.10) For monomer model
compound systems, the free energy change AG of the radical
anion transfer to p-DCNB is estimated to be ca. -0.14 ¢V from Lhe
difference of the reduction potentials of DMTP ([{1/2 = -2.11 V)
and p-DCNB {E]/:! = -1,97 V). This case is represented by point A
in the figure. For the dimeric model compound, klr becomes
smaller than that of the monomer model compound due to Lthe

interactions between the neighboring chromophores.  This dimer
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syvstem s represented by point B, The radical anion in a dyad
TP in the copolymer Is further stabilized by the neighboring
chromophore interactions and the steric hindrance. This makes
AG larger (point C). Around AG = 0, even a slight incrcase in
AG causes a large decrease in ktr‘ As for the homopolyvmer,
radical anion Lransfer was nol observed in our experimental
resolution; therefore, TP. in Lhe homopolymer is estimated to

be stabler Lhan DMTP. by at least 0.1 eV.

(a)

x15

(b}

Relative Fluorescence Intensity

) L 1
400 500 600
Wavelength / nm
Figure 8-6. Emission spectra of the PVMTP and 2,4-MTP systems

in benzene at room lemperature.

{a): EtCz(3.0x1074 M) - PYMTP([TP1=0.2 M),
(b): E1Cz(2.8x10°% M) - 2,4-DMTP([TP]=0.1 M).
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Table 8-111. Quantum yicld [(D[-} of monomer emission, and peak
wavelength (&), lifelime [re]. quantum yicld ((Dr'] and quant um

efficiency (qr‘] of exciplex emission.

®p A/nm rc/ns (I)f' qf'

Fi1Cz - DMTP(0.1 M) 0.022 480 32.0 0.121 0.13
F1Cz - 2.4-MTP([TP]=0.1 M) 0.041 485 45.2 0.090 0.10
FtCz - PYNTP([TP]=0.2 M) 0.164 490 21.6 0.036 0.05

8-3-5. Cz - TI' Exciplex Quenching by Neighboring TP Chromophore
I'igurcs 8-6-(a) and (b} show the emission speclra of E1Cz
PVMTE and 2,4-MTP systems, respectively. Each syslem has a
monomer emission with a vibrational structure in the shorter
wavelength region and a broad exciplex emission in a longor
wavelength region. Table 8-1I1 gives the quantum yvield (Q)rl ol
the monomer cmission, the peak wavelength (), the lifetime (t ),
the quantum yield {(bf') and the quantum efficicncy (qf'} of the
exciplex comission. The quantum efficiency, qf'. was calculated

with the following equation.
a2 @p /1= g/ @40 ) (8-3)

where Q)‘.O is the emission quantum vield of KtCz in the abscnece
ol the elecetron acceptor. The table shows Lhat Pp increases in
the order DVMTP < 2,4-MTP < PVMTP, and (D[-' decreascs in the
order DMTP > 2,4-MTP > PVMTP. This is duc to decreasing
diftfusion rate of the electron acceptor, i.e., decrcasing
quenching efficiency, since the quenching process is dilffusion-

controlled in each systems, as will be deseribed later.
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Therefore, the fluorescent characteristics of the exciplex need
be compared in terms of the quantum eofflicicncy qf-‘ of the
exciplex emission.  The peak wavelength 4 of the cxeiplex
emission is a little sifted towards longer wavelengths in the
ordoer DMTP < 2,4-MTP < PVMTP. However, no new cmission
ascribable to a new cxcited complex such as DAA exterplox
could be observed.  Thus, even il a new excited complex may be
formed, iLs stabilizalion energy must be very small. The
quantum cofficicney qr' ol the exciplex emission decrecases in the
order of the DMTP system (0.13), the 2,4-MTP system (0.10) and the
PAMTP system (0.03). This corresponds Lo Lhe decrecase in the
exciplex lifetime in the same order. Though the cmission from a
new exeited complex c¢ould nol be obscrved, it is evident that
Cv - TP exciplex is quenched by neighboring c¢chromophore
interactions. The interaction between the TP chromophores in
PVMTEP must be weak as comparcd with the neighboring
chromophore interaction in PVCz which forms DDA exterplex.
This is similar to the case of Lhe radical anion. The
stabilization by charge delocalization between TP chromophores
is considered to be small.

Figures 8-7-{a), (b) and {(¢) show the temperature
dependence of (Dr and be' ol EtCz - DVTP, 2,4-MTP and PYVMTP
syslLems, respeclively. In cach sysiemn, ‘Df‘ decreasces and Lhe
quenching efficiencey increases with increasing tempoerature, On
Lthoe contrary, (I)f-' increases with increasing temperature and at
highor temperatures, i decrease of <Df-' was observed in the DMTP
and 2,4-MTP systems. The temperature at which tI)r'is maximum is
ca. 30 °C for DMTP system and ca. 65 C for 2,4-MTP system. Jor
MMTE system, no stch decrecase of (Df' was obsorved al least in
the temperature range below 75 L o The strength of the

neighboring chromophore interaclion scems to play an importanit
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Figure 8-7. Temperature dependences of the guantum yield O
fi:f‘ of menomer and exciplex emission for PVMTP and itls
model compound systems.

(a): EtCz(2.9x107% M) - DMTP(0.07 M),

(b): 11Cz(2.9x10™% M) - 2.4-MTP([TP)=0.1 M),

(¢): FLCz(2.9x10°4 M) - PVMTP(|TP]=0.2 M).
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role in this problem. The stronger the interaction, Lhe more
difficult for the exciplex Lo dissociate thermally.

An assumed scheme for the formation of the cxciplex is
shown in Figure 8-8, in which k, and kg are the rate constants
ol the radiationless transition and the fluorescent transition of

the monomer exeited stale, respectively, and kn' and kr' are
those of the exeiplex stale. The constant, kq. is the quenching
rato constant. According to the scheme, the aclivation encrgy

I© of the quenching process was cstimated by using the following

cqualion.
ol @p b= @p® 1) = dn( k(TP / kp ) - E/KT (B-4)

The results are listed in Table 8-1V. In each system, the
activation energy is close Lo that of the viscosity of the
solvent, benzene, 2.6 kcal/mol. This suggests that the quenching
ol the KLCz excited state by the TP chromophore is diffusion-

controlled in all the systems.

D%[A]i

| (D-+-A)
kni Ky Kni | ki

: :

| v v

|

b i v

Figure 8-8. Scheme for exciplex lormation.



Table B-1V. Activation energies (E) of quenching process.

E/keal Ilwl_1

EtCz - DMNTP 2.4
EtCz - 2,4-MTP 2.4
EtCz - PVMTP 2.6

Viscosity of Benzene -2.6

8-4. Coneclusion

In the polar solvent benzonitrile, the radical anion TP
formed in the copolymer of VMTP and VAc is stabilized depending
on the location of the VMTP. A TP. isolated by VAc¢ units in
the copolymer transfers an electron to p-DCNB with a rate
constant of 7.7 x 108 .‘I_ls_l. whereas TP, formed in the \VMTP
sequences does nol transfer an electron to p-DCNB; nor does
the radical anion TP. in the homopolymer PVMTP.  This is partly
due 1o the neighboring interactions and partly duc to the
steric hindrance of the polymer chain.  The steric hindrance is
considered to be one of the reasons why the TP, formed in the
dimer scquence in the copolymer is stabler than that formed in
the dimerie model compound.

In the non-polar solvent benzene, PVMTP and its dimeric
modoel compound form the exeiplex with FtCz. Even though an
obvious emission ascribable Lo a new excited complex such as

DAN exterplex could not be observed, the exciplex was found to
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be quenched by neighboring chromophore interaction.

Thus, the radical anion in PVMTP and the charge-transfor
state of the cexciplex of PVMTP with EtCz interact with the
neighboring TP chromophore, but the stabilization is small as

comparced with the casc of radical cations and DDA exterplexoes.
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APPENDIX

EXPERIMENTAL METHODS
TO ESTIMATE THE STABILITY OF RADICAL CATIONS

1. Introduction

[n this thesis, a CR band and a radical cation Lransfer to
a stronger electreon donor were mecasured to investigate the
stabilization, by ncighboring chromophore inleraclions, of
radical cations. The CR band corresponds Lo the Lransition
belween two levels of HOMO split by neighboring chromophore
interactions, and its band gap reflects the strength of the
interactions. The radical cation transfer method is one Lo
estimalte the stability of radical cation on the basis of the
free encrgy change dependence of the rate constant of the
radical cation transfer. These transient absorption
mecasurcements of radical calions were made by a lascer photolysis
technique. Two laser photolysis systems were uscd: one is a
ruby laser photolysis system cquipped with Q-switched ruby
laser,l) and the other is an excimer laser photolysis system
equipped with excimer laser.

The laser photolysis technique is a method to measure the
absorption of the transient species produced by a laser pulse.
The formalion and decay of transient species can be directly
observed. The method for measuring transient absorption was

established as a flash photolysis technique by Norrish and
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Porter in 1949,2} and was applied lor the studies ol aromatic
molecules in the triplet statc.m Afterward, the development of
a laser technique brought aboul improvements in time-resolution
and made it possible to observe transienl phenomena in
nanosecond and picosecond time ranges.4'7)

In this appendix, the relationship between the pecak shift
of the CR band and the stability of the radical cation is
described along with the principle of the radical cation
transfer method. Here, the laser photolysis apparatus used for

the transient absorption measurements is described.

2. Mcthod to Eslimale Lhe Stability of Radical Cation

(A) Charge-resonance Band

As for the dimer radical cation, the CR band reflects the
neighboring chromophore interaction directly. Figure 1 shows
the energy level diagram of the dimer radical cation.g) The
interaction between a radical cation and a ncutral chromophore
makes the orbitals split into two encrgy levels. The CR band
caorresponds to the transition between lwo levels of split HOMO.
The visible dimer band is due to the absorption from split HOMO
to split LUMO as shown with an arrow in Figure 1. The stronger
the chromophore interaction, the larger the width of the
splitting. Then, the stronger interaclion leads to the shorter-

wavelenglh shift of the CR band. The stabilization cncrgy (Al)

of the dimer radical cation is approximately equal Lo a half of

the cnergy gap (AE) of the CR band. The CR band is a measure
of the strength of the chromophore interaction, i.e., the
stability ol the dimer radical cation.

However, lor the charge delocalization in the polymer

having pendant chromophores, the CR band of a radical cation
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should be shifted to longer wavelengths with increcasing charge

delocalization such as dimer, trimer, and tetramcr, according to

the I].l.[:kol MO (zalculation.g‘m)

LUMO——<(_
S
Visible
Dimer Band
HOMO + CR Band
AH S

Figure 1. Schematic diagram ol cnergy levels of dimer
radical cation.

(13) Radical Cation Transfer Method

When an clectron donor (D]) is photoecxeited in the
presence of a sufficient coneentration of an eleclron acceptor
{A) in a polar solvent, an eicctron transfer (rom an excited
singlet donor {Dl') to A produces a radical cation (I)lf} and a
radical anion (AY). This process is much Taster than Lhe
succecding processes. I the sccond electron donor (Dz- radical
cation aceeplor), which is a stronger clecetron donor than I)l' is
added to this system, radical cation transfer from le Lo Dy
{(an e¢leclron transfer from D2 to I)lf] occurs (eq. 1), and this
process can be observed dircctly by the transient absorption of

+, +
DI' and {)2..
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k

Dyt + Dy —Ef-> by o+ Dyt (1)
K

{)‘f + AL Tl Dy + A (2)
k

Dyt ¢ AT —T2> Dy e A (3)

This process competes with the recombination of le with AL
(eq. 2), butl it is possible to make the radical cation transfcr
the main process by adjusting the concentration of 1)2 properiy.
sz produced by the radical cation transfer also decays by
recombination with A. (eq. 3). The processes in egs. 1 - 4 lead

te the following rate equations.

d[D571/7dt = k1D T1IDaT = kpoplDyT11A7] (5)
dlAZ]/dt = = Kpy[DyTTIATT = KpepIDyt1HAT] (6)

where ktr is the rate constant of the radical cation transfer,

and krl and kr2 are the rate constants of Lhe recombination of

le with AT and of D2f with A., respectively. Hence if Lhe
transient decays for D;!, D,%, and AT are mcasured by the
laser photolysis method and simuiated by eqs. 4 - 6, the rate
constant k. Is determined.

In a simple case, ktr can be estimated by the transient
absorption decay al the peak wavelength of l)l.*: if the rate of
the radical cation transfer from le to Dy is much faster Lhan
that of the recombination of le with AT (ki [Dgl >> ko [AT],
eq. 4 can be solved to give eq. 7 by neglecting the second

term.
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In [OD(D 1) ] = KeplDolt + € (7)

where € is a constant.  Consequently, k“. can be determined by
the slope in In [0D(D;)] vs. time plot.

To make it possible to measure Lhe rate constants of
radical cation transfer satlisfactorily, a sct of l)l—l)z—!\ systoems
must satisfy the following conditions. First, Dy Is photoexcited
sclectively by a laser pulse, and the electron transfer from
DI” to A is sufficiently fast. Secondly, the transient
absorption bands of Dl"' I}H.+ and A, arc separated enough Lo
be analyzed.

The stability of the dimer radical cation is estimated {rom
the value K,. as shown in Figure 2. The rate constant of the

cleetron transfer, ktr depends on the free cnergy change (AG)

f _ﬂG
AH A

__4__‘ ]
\\ .‘I
LIS

\\ \‘

\\.'\

%

0 N
Dy Ds
(a) (b)

Figure 2. Estimate of the stability of dimer radical cation
by the radical cation transfer method: (a) relation between
ktr and AG:; (b) relation between AH and increment of AG
induced by stabilization.
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as shown in Figure 2~(a}.“'12-} ktr increases with the decrcasing
AG (an up-hill region), and the transfer process s diffusion-
controllied in a sufficiently exolhermic region. [{f the dimer
radical cation is stabilized by AH as shown in Figure 2-(b), the
cexothermie quantity of the radiecal cation transfer decreases
(AG increascs), Iff AG is brought in the up-hill region by using

1)2 having a proper oxidation potential, an increase of AG by

the stabilization causes a decrease of k,“.. The stabilization of

the dimer radical cation can be estimated by the decrcasing ktr

Prism

Flash 69(”_‘ ‘B —jRuby Laser
Lamp O\\ KDP

& Xﬂ‘ inm (Frequencv
Doubler)
Lens // Filter
" Mirror

N
/\.})\‘Aperture
NS A
LN/ Cell Holder
7, Aperture

% Beam Trap
\ Lens

Filter

Monochromator

Photomultiplier

Figure 3. Schematic diagram of the ruby laser photolysis
svsiom,

J. lLaser Photolysis Apparatus

Figure 3 shows the schematic diagram of a ruby lascr
photolysis system. The sample is excited by the second-harmonic
pulse (347 nm) of Q-switched giant pulse ruby laser (NEC S1.G2009),

which has ca. 14 ns pulse duration. The second-harmonic pulse is
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generated through the frequency-doubler, KDP crystal, and is

separated by a

(G99 nm). The

prism from the fundamental ruby lascr pulsc

intensity of the excitation pulse is attenuated

properly by filters. The monitoring system to measure the

absorption of transient species consists of a moniter flash lamp

(LG&G FX-33C-1.5),

(Hamamatsu, R928).

a monochromator and a photomultiplicer tube

The signal of the photomultiplier tube is

recorded by a storage oscilloscope (Iwatsu, TS-8123). This

monitoring system has a wavelength-sensitivity frem 350 nm to

830 nm and a rise time of ca. 5 ns.

Figure 4 shows the schematic diagram of an excimer laser

photolysis system.

Excimer Laser
EMG 101MSC
XeCl; 308 om
XeF ; 351 nm

The sample is excited by an attecnuated pulse

Detector I:Photomultiplier (Visible Region)

Photovoltaic InAs Diode (Near-infrared)

Monochro-
mator

=IE Fileer
=!=" Filter
<:Lll:> Lens

—l‘—" Aperture

lCelI Holder

F:lter

Beam Trap
L
ens Shutter
Filter

—I
' Aperture
% lens
W

Flash Lamp

Figure 4. Schematic diagram of the ecxcimer laser photolysis

system.
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of an excimer laser (Lambda Physik EMG101IMSC). The emission
wavelength of the excimer laser can be changed by seclecting an
appropriate gas. In this study, a 308-nm pulse (pulse energy ca.
100 mJ, fwhm ca. 17 ns) operating with XeCl and 351-nm pulse (pulse
encrgy ca. G0 mJ, fwhm ca. 17 ns) operating with XeF are used.
The monitoring beam is arranged at a right angle to the laser
beam. The monitoring system consists of Xe flash lamp, a
monochromator and a detector. As a detector, either a
photomultiplier tube or a near-infrared sensitive photodiode was
uscd depending on experiments.  For the mecasurcment of UV and
visible region, a photomultiplier tube {(Hamamatsu, R928) was used.
As desceribed previously, the photomultiplier-monitoring system
has a wavelength-sensitivity from 330 nm to 830 nm and a rise time
of ca. 5 ns. The photodiode is a photovoltaic indium arsenide
(inAs) diode with a sensitive area of (.03 em? (Hamamatsu, [’838].133
The photodiode-detection system is suited for measurements in
the near-infrared region. The output of the diode was directly
amplified and was recorded by an oscilloscope ({(lwatsu, TS-8123).
This detection system has a wavelength-sensitivity from 600 nm 1o

2200 nm and a response time of ca. 300 ns.
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SUMMARY

In Chapter 1, a general introduction of this thesis was
given.  Previous studies on radical cations of dimer and higher-
order aggregates of chromophores and cxcited triple complexes
were briefly reviewed in order to make clear the backgrounds
of and the connection with the individual subjects to be deal
with in this thesis. In addition, outline of this thesis was
described.

In Chapter 2, the stability of the dimer radical cations of
meso-  and  rac-2,4-di{(N-carhazolyl)pentanes (m- and r-DCzPe) and
1.3-di(N-carbazolyl)propane (DCzPr) was studied. m-DCzPe and
DCzI’r form a fully-overlapped dimer radical cation, whereas r-
DCzPe forms a partially-overlapped one. The CR bands of these
dimer radical cations were measured by laser photolysis in a
near-infrared region; band pcaks appeared around 1600 nm for m-
DCzP¢ and DCzPr, and around 1800 nm for r-DCzPe. This suggests
that. the fully-overlapped dimer radical cation is stabler than
the partially-overlapped one. By the radical cation transfer
method, the stabilization cnergics of these dimer radical cations
were estimated to be 0.3 - 0.4 eV for the fully-overlapped one
and ca. 0.1 eV for the partially-overlapped one.

In Chapter 3, the stability of the carbazole radical cation
formed in poly(N-vinylcarbazole) (PVYCz) was studied in comparison
with copolymers of N-vinylcarbazole (VCz) with methyl
methacrylate and vinyl acetate. The CR bands of the radical
cations in these polymers were measured by laser photolysis Lo
investigate the degree of the charge delocalization in the

polymers, For copolymers with a fraction of V(Cz [fVC.?) less
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than 0.4, the CR band appearcd al ca. 1800 nm. Feor copolymers
with fye,>0.5, the CR band was shifted to longer wavelengths
with Increasing rVCz‘ A copolymer with fVCz=0.83 showed Lhe
same transient absorption spectrum as PVCz. In view of the
sequential distribution of the copolymers, the charge formed in
PVCz was understood to be delocalized among more Lhan 1wo
chromophores. By the radical cation transfer method, the
stabilization encrgy of the carbazole radical cation in PVCz was
estimated Lo be 0.5 + 0.1 eV. This value is larger than that of
the carbazole dimer radical cation, which was described in
Chapter 2. Thus, it was established that the stabilization by
the charge delocalization among more than twoe chromophores is
stronger Lhan that of the dimer radical cation.

In Chapter 4, the emission propertics of PVCz and its
model compounds in the presence of dimethyl terephthalale
(DMTP) were cxamined in benzene solution, and the effeets of
neighboring chromophores ¢n the exciplex in polymer systems
were discussed. The interaction bectween the neighboring
carbazole chromophores leads to the formation of two kinds of
exterplexes (excited triple complexes) corresponding to the
dimer radical cations as described in Chapter 2; one is a
partially-overlapped exterplex and the other is a fully-
overlapped one. The partially-overlapped and fully-overlapped
exlerplexes showed Lhe exterplex emission around 510 nm and
360 nm, respectively. The latter was found Lo be stabler than

tho former. As for PVCz-DMTP system, the partiallv-overlapped

exlerplex dominates at room temperature, presumably because of

its casy lormation with a small conformational change. The
fraction of the stabler fullv-overlapped exterplex increased
with increasing temperaturc: the increase of fraction causcd

longer wavelength shifts in the exterplex emission.
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In Chapler 5, the steric effeets of bulky tert-butyl group
on the formation of the dimer radical cation and Lhe exterplex
wore investigated. Regarding poly{3,6-di-terl-butyl-N-
vinyvlcarbazole) (PBVCz) and its dimerie model compounds, the
lransient absorption spectra of radical cations in a polar
salvent were measurcd by laser photolysis, and the emission
properties in a nen-polar solvent were measurced in the prosenco
of DMTP by fluoresccnce spectroscopy. Though the neighboring
chromophore interaction was weakened as compared with the casce
of a carbazole chromophore, all Lhese compounds formed a
partially-overlapped dimer radical cation in a polar solvent and
A partially-overlapped exterplex in a non-polar solvent. This
sharply contrasts 1o the facl that the meso (somer of
2,4-bis(3,6-di-lLert-butyl-N-carbazoly!)pentanc and 1,3-bis(3,6-di-
tert-butyl-h~carbazolyllpropane do not form any intramolecular
cxcimer.  This means that the conformaiional requirement for the
formation of the dimer radical cation and tLhe exterplex is
rather loose and that the stabilization energy is larger than
that. of the execimer. PBVCz also forms the partially-overlapped
dimer radical cation in contrast to the case of PVQz.

[n Chapter B, the CR band of the dimer radical cation for
polyvivinylnaphthalene)s and three isomers of dinaphthylpropance
1-{1-Naphthy1}-3-(2-

naphthyl)propane forms an intramolecular partially-overlapped

were measurcd by laser photolysis,

dimer radical cation and shows a CR band at eca. 1050 nm. In
contrast, 1,3-di(2-naphthyl)propane (22DNP) and 1,3-di(1-
naphthyl)propane (11DNP) intramolecularly form both a partially-
overlapped and a fully-overlapped dimer radical cations: these
CR bands are superposed with cach other and were observed as
a single band at ca. 1230 nm for 22DNP and at ca. 1330 nm for
11TDNP. Therelore, the flully-overlapped dimer radical cation
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should have the CR band at a wavelength longer than 1250 nm.
This suggests that the partially-overlapped dimer radical cation
is stabler than the fully-overlapped one. This was confirmed by
measuring the rate constant of radical cation transfer to
tricthylamine; owing to the stabilization, the rate constant of
radical cation transfer for the partially-overlapped dimer
radical cation was smaller than that for the fully-overlapped
one. Poly(vinylnaphthalene)s formed a partially-overlappcd
dimer radical cation and gave the same transient absorption
spectrum of the radical cation as the dimerie model compound.
The stabilization ol the radical cation by charge resonancoe
among more than two chromophores was not detectable.

In Chapter 7, MO calculation was carried out for carbazole
and naphthalene dimer radical cations, and the difference in Lhe
stability between the carbazole and naphthalenc dimer radical
cations was discussed in connection with the dimer structure or
the degree of the overlapping of chromophores. First, the
fully-overlapped and partially-overlapped conformations having
minimum potential energies were determined by AM1I for these
dimer radical cations. The results suggest that all dimoer
radical cations take the conformation In which two chromophores
are further apart from each other than in parallel arrangement
formed by a methylene bridge. Next, the excitation energy of
Lhe dimer radical cation in these conformations was cstimated by
CNDO/S.  The calculated results for the CR bands reproduced
the experimental data qualitatively. An analysis of the orbitals
related to the CR band indicates that the excitation of the CR
band is a charge-transfer type for the carbazole and
naphthalene dimer radical cations. For Lhe carbazole, the
character of N atom was found Lo be reflected strongly on the

stabilization of the dimer radical cation. Finally, the cnergy
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decomposition analysis by Ab Initio calculations was applied. It
wis found that an clectrostatic or Coulombic interaction
between Lhe electron distributions of the isolated chromophores
makes a most significant contribution Lo the stabilization of the
dimer radical cation.

In Chapter 8, the stabililty of the terephthalate radical
anion (TP.)) in a polymer chain was investigated by the radical
anion transfer method using nanosccond laser photolysis. The
radical anion TP, formed in a homopolymer, poly(vinyl methyl
terephthalate) (PVMTP) does not transfer an electron to 1,4-
dievanobenzene (DCNB), but the menomer model compound, dimethy|
terephthalate (DMTP) does transfer, despite Lhe two syslems have
Lthe same transient absorption spectrum. As lor the TP. in
copolymers of vinyl methyl terephthalate (VMTP) with viny)
acctate, Lhe radical anion Lransfer rate to DCNB has two
components, a fast and a slow component: the fast component has
a rate constant of 7.7 X ]{}8 MLIS‘I. while the slow component
scarcely decays in the measurement time range (<1 us). The
fraction of the slow component increases with the VMTP fraction.
These results show that the neighboring interaction of TP
residues in the polymer chain stabilizes the radical anion of
the TP residue. The radical anion TP. formed in the polvmer is
stabilized partiy by the neighboring interaction and partly by
the steric hindrance of the polymer chain towards tLhe
approaching DCNB.

The emission properties of the exciplex with N-
ethylearbazole (EtCz) were investigated for PPYMTP and its model
compounds, Though no emission corresponding to the DAA type
exterplex was observable, the lifetime of the exciplex emission
was shorter, and the quantum efficicncy of Lhe exciplex emission

was smaller than those of the ELCz-DMTP system. lence, it is
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evident thal the exciplex is quenched by the interaction with
an adjacent TP chromophore. The results for PVMTP may be
interpreted due to a weak interaction between nelghboring TP
chromophores.

In Appendix, experimental methods to evaluate the charge-
delocalized stabilizalion of radical cations were describhed. A
dimer radical cation shows a characteristic CR band.
Theorctically, this CR band is associated with Lhe Lransition
between two split HOMO's of the chromophore caused by tLhe
neighboring chromophore interaction. It can be a measurc [lor
the magnitude of the neighboring chromophore interaction or the
stability of the dimer radical cation. When a radical cation is
stabilized by florming a dimer radical cation, the radical cation
transfer to a second electron donor is suppressed. The stabler
Lhe radical cation, the smaller the transfer rate. 0On the basis
of Lthis rule, Lhe stability of radical cations was eslimated. A
laser photolysis apparatus for radical ion observation was

introduced.

174

LIST OF PUBLICATIONS

Chapter 2.
I. "Estimate of the Stabilization Energy of Cation Radicals
Formed in Poly(N-vinylcarbazole) and [ts Dimer Model
Compounds by an lon Radical Transfer Method"

Macromolecules 1988, 21, 665.

2. "Near-infrared Charge Resonance Band of Intramolecular
Carbazole Dimer Radical Cations Studied by Nanosecond
l.ascr Photolysis"

Chem. Phys. Lett. 1989, 154, 539,

Chapler 3.
4. "Stabilization of Carbazole Radical Cation Formed in Poly(N-
vinylcarbazele)l by Charge Delocalization”

Macromolccules 1990, 23, 4019.

Chapter 4 and 8.
4. "Exciplex Formation of Polymers Having Carbazole or
Terephthalate Chromophore --- Neighboring Chromophore

Interaction -——-

J. Chem. Soc. Jpn. 1989, 1304,

Chapter 5.

3. "Steric Effecl on Dimer Radical Cation Formation of
Poly(3,6-di-tert-hutyl-9-vinylecarbazole} and Its Dimeric Model
Compounds Studied by lLaser Photolysis”

Polym. J. 1990, 22, 319.

G. "Exterplex Formation of Poly(3,6-di-tert-butyl-9-

vinylecarbazole) and Its Dimeric Model Compounds”

te be submitted in Bull. Chem. Soc. Jpn..

175



Chapter 6.
7. "Structure and Stability of Naphthalene Dimer Radical

Cations Studied by Charge Resonance Band Measurement and
Cation Radical Transfer Mcthod”
to be submitted in J. Am. Chem. Soc..

8. "Conformations of Naphthalene Dimer Cation Radicals Studied
by laser Photolysis"

J. Phys. Chem. 1989, 93, 1244,

Chapler 7.
9. "Application of Semiempirical MO Calculation for Carbazole
and Naphthalene Dimer Radical Cations”
to be submitted in J. Phys. Chem..
. “Energy Decomposition Analysis of Carbazole and
Naphthalene Dimer Radical Cations by Ab Initio Calculations”

to be prepared.

Chapter 8.

11. A part of this work; "Stabilization of an Anion Radical
Formed in Pely(vinyl methyl terephthalatle) Studied by Anion
Radical Transfer Method”

Polym. J. 1988, 20, 837.

Others

12, "The Behavior of the Intra- and Intermolecular Pyrene Dimer
Cation Radical as Studied by Nanosccond Laser Photolysis in
Ncar-1R Region”
J. Chem. Sec. Jpn. 1989, 1285.

13, "kxcimer Formation in Sterically Hindered
Poly(vinylearbazole) and Its Dimer Model Compounds”

Macromolecules 1990, 23, 2666.

176

ACKNOWLEDGMENTS

The present thesis is a collection of the studies which
the author carried out at the Department of Polymer Chemistry,
Kyoto University, lrom 1982 to 1989.

The author wishes Lo express his sincere gratitude 1o Dr.
Yasunori Nishijima, President of Kyoteo Universily, and Professor
Masahide Yamamotlo for their continuous guidance and
cencouragement throughout the course of Lhis work.

Grateful acknowledgment is due to Professor Takeaki
Mivamoto and Associate Professor Takeshi Fukuda, Institute for
Chemical Rescarch, Kyoto University, for their kind comments and
detailed criticism on the manuscript in writing Lhis thesis,

The author is sincerecly grateful to Drs. Akira Tsuchida
and Shinzabure Ilto for their invaluable guidance and
discussions.

The author is indebted to the late Dr. Tokuji Fujimoto
and Associate Professor Yoshihike Onogi, Mukopawa Women's
University, for their uscful suggestions and comments.

The author wishes to thank Mr. Masataka Ohoka and Dr.
Kazuo Ashikaga for their helpful comments and discussions, and
Mrs. Kyoko Kato for her cncouragement.

The author would like Lo express his appreociation to
Professor Tadamasa Shida and Dr. Takamasa Momose, Department of
Chemistry, Kyoto University, for the MO calculations.

Thanks are also expressed to Associate Professor Yoshio
Wada, Kyoto Institute of Technology, for the measurement of the
cxcimer laser photolysis, and Lo Professor Kunio Okamoto and
Associate Professor Koichi Komatsu, Department of Hydrocarbon

Chemistry, Kyoto University, for the measurement of oxidation

177



and reduction potentials.

The author wishes to express his thanks to his colleaguces
in the laboratory for their kind help.

Finally, much gratitude is also due to his wife, Yuri
Tsujii, and his parents, Hiroji Tsujii and Kiyoko Tsujii for their

continuous cncouragement.

September 1990
Yoshinobu Tsujii

178



	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100

