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GENERAL INTRODUCTION

Organic compounds have been expected as new materials having novel

-

properties, because wide varieties of compounds can be obtained. TFor the

purpose of obtaining new materials for electronics or electrophotography,

a number of organic compounds having semiconductivity have been

synthesized. One can classify these organic semiconductors from chemical

viewpoint as follows.

Class 1 : lConjugated aromotic hydrocarbons.

Class 2 : Molecular complexes.

Class 3 : Photoconductive polymers.

The compounds of Class 1 have usually simple structure, and can be
purified on an extremely high level of purity. Anthracene has been:
exhaﬁstively studied as a most representative material belonging to Class
.1, and the results have provided the fﬁndamental and theoretical bases

1)

for understanding the electrical conduction in organic materials.

All compounds belonging to Class 1 are poor semiconductor with very

high resistivity, but the conductivity can be improved by means of the
" formation of molecular complexes. Especially, certain organic molecular
complexes belonging to Class 2 such as 7,7,8,8-tetracyanoquinodimethane
anion-radical complexes, show extremely low resistivity comparable té
those of metals. The main purpose to étudy éhe compounds of Class 2

was to obtain these extremely high conductive materials.

"~ On the other hand, the photocoﬁductive‘polymers are most important |



materials for practical purpose, being able to form a photoconductive
solid film. Since Poly—N—vinylcarbazole has been‘successfully\utilized_
as a material for electrophotography, there has Seen greatly increased
interest in these polymers. However, because of the complex structure
and the complex feature of the electrical properties, progress in
understand@ng the mechanism of the photoconductibn in these polymérs

seems to be low.

In order to advance the studies on such wide varieties of organic
semiconductors, are significantly necessary the research for new
material groups and the feed-back of the results obtained to further
material research.

In this thesis, the author investigated the structures and the
optical and electrical properties of two important groups of organic
semiconductive matefials. Part I deals with a new kind of organic ionic
compounds belonging to Class 2. It should be mentioned that although
the extensive studies have been reported on molecular charge-transfer »

2)

complexes, li;tie attention has been paid to the ionic compounds

" in which an interionic charge~transfer interaction is present. The
author calls this kind of salts organic charge-transfer salts, and

has investigated the structures and the physical properties of sevefai
organic charge-transfer salts newly prepared here.

On the other hand, among the compoﬁnds of Class 3, the vinyl-
polymers having large m-electron conjugated system are increaéingly
important materials for electrophotography.s) In Part II of this thesis
the author has investigated the photophysical processes in these polymers

in order to obtain information on the mechanism of photoconduction in

this kind of polymers.
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PART I

STRUCTURES AND PHYSICAL PROPERTIES OF

ORGANIC CHARGE-TRANSFER SALTS

INTRODUCTION

The general idea of charge-transfer (abbreviated as4CT) interaction
was presented theoretically by R. S._Mhlliken at 1950.1’2’3) After that, -
this idea becomes indispensable both to physicél chemistry and to organic
chemistry. Organic CT complexes have been egtensively investigated ffom
many viewpoints.A’S).

From a view of organic semiconductor, two approashes have been
carried out on‘organic CT complexeg. One is to obtain very highly
conductive materials, and other is to obtain the photoconductive materials.

It is well known that although ﬁost conjugated aromatic compounds‘
are very poor electrical ¢onductors in the solid state, the conductivity‘
can be fairly improved by the CT compléx formation.6) However, most of
the solid CT complexes still have considerably high electrical resistivity.

Such complexes are usually composed of relatively weak electron donor or. . .

weak electron acceptor molecules. By contrast, solid complexes between

strong donors and strong acceptors which show an ion-radical character in

the ground state, have low specific resistivity less thanflo5 ohmecm.

B



Particularly, the iodine complex with perylene, for example, shows extremely:

low resistivity, about 3-9 ohm-cm.7’8)

Thus, the very high electrical
conduction like metal have been expected for this kind of CT complexes.

On the other hand, in weak CT complexes, a photoconduction due to
the broad CT‘absorption band has been expected, because the dark current
is so small thaﬁ the photocurrent is not swamped by the dark current. In |/
practice, several CT complexes show the photoconduction in the CT
absorption region, but in all cases the photocurrent was small and
did not show a good feproducibility.g510’11’12)

These CT complexes are generally composed of an electron-donating
molecule and an electron-accepting molecule. On the other hand, a CT ;
interaction can also be found in certain organic salts which are formed
between an electronQdonating organic anion and an electron-accepting
organic cationm. Such an interionic CT interaction was firstly demonstrated !

with alkylpyridinium iodide salts by E. M. Kosower.13) Although this type

of interaction has been observed in relatively many ionic compéunds

spectroscopically, no systematic studies on the structures and fﬁe physical
properties of these organic CT salts has been reported. However; the
physical properties of the CT salts are expected to show the characteristicf
feature differing from those of ordinary molecular CT complexes, since a CT;
salt has an ionic ground state and a neutral excited state, contrary to

molecular CT complex.

Therefore, in Part I, the author has prepared several new organic
ionic compounds formed'between a pyrylium or thiopyrylium.cafion and
a polycyanoacid anion as shown in Fig. 1, and has investigag?d the
N i ‘
physicallproperties and the structures of these salts. | ;ﬁf f

In order to demonstrate the existence of the interionic CT inter~ -

action in these salts, the absorption spectra (Chapter 1) and emission _ §
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Fig. 1.
spectra (Chapter 2) have been examined, and the CT absorption and CT

fluorescence bands have been observéd both in solution and in the solid state.
Moreover, in these chapters, the natures of the gfound state ‘and the excited?CT
. state of the salts will be discussed. i
Chapter 3 deals with the electrical and magnetic properties of th‘e 1
organic CT salts. The discussion has been coﬁcentrated on the relationship ‘
between the photoconduction and thebparamagnetism and the CT eicited state."g‘
Chapter 4 deals with the\s;ystél struétures of' the organic CT salt in%
order to obtain further imformationidn the CT interaction in the solid state.

In this chapter, two organic CT salts prepared here have been investigatéd

by X~-ray structure anélysis.
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Chapter 1 R TR

ABSORPTION SPECTRA

Introduction T

In relatively many ioni;MEbmpounds, an interionic CT absorption band:

1-9 The interionic CT absorption was very

was observed in solution.
sensitive to the‘nature of solvent, and showéd a remarkable blue shift with:
an increase of the solvent polarity. This behavidf has been uﬁderstood ‘
in terms of the strong solvation of the salt in its ilonic ground state.2’3’4)
By contrast, few investigations have been reported on the absorption spectra
in the solid state of these CT salts, which are necessary for understanding
the pﬁysical properties and the crystal structures of the CT salts,

This chapter'will deal with thg absorption spectra of new organic salts

composed of the pyrylium or thiopyrylium cation and the polycyanoaéid anion

both in solution and in the solid state, in order to confirm the presence of

interionic CT interaction between the cation and the anion in these salts.lo)

Experimental

"Materials. 1’1 +3 SatetracyanoprOpenide (TCP) and‘tricyanomethanide (TCM)-

anions were used as the anions, while 2 ,4,6<triphenylpyrylium (TPP) 2, 4 6-
triphenylthiopyryllum (TPT) 4vanisy1~2 6—diphenylpyry11um (ADPP) and 4-

anisyl—z 6-diphenylthiopyry11um (ADPT) cations were used as the cations.
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‘ )

pyrylium cation (ADPT) ..

Ph:—O, An:-O-ocH,

Cations

Sodium~-TCP (Na-TCP). Pyridinium—TCP (Py-TCP) was prepared according to
11)

Mikawa's method. Na~TCP was obtained from Py~TCP b& the use of a cation~.

exchange resin, Amberlite CG 120 T-1.

ﬁ Potassium-TCM (K-TCM). This compound was prepared according to Trof imenko's

12)

o method and was purified by the column chromatography using active carbon i

i ‘ | as the adsorbent and methanol as the developing solvent.

TPP-perchlorate (TPP-ClOA), TPT-C10,, ADPP-C10,, and ADPT-ClOa. These

13)

& 4

compounds were prepared according to Ulrich's method.
The organic CT salts were prepared by a double decomposition reactioﬁ%
between corresponding perchlorate salt of the cation and metal salt of the
anion, and purlfied by repeated recrystallizations from methanol-water (4: l),
or mgthanol solution. The organic CT salts prepared thus ‘- are listed in
Table 1-1 along with their melting points. The results of elemental analysis
of these salts showed good agreements with the corresponding calculated

value.  All the solvents used were purified according to the usual method



1'4 )

of purification.

Measurements. The absorption spectrum of solution and diffuse reflectance

: !
spectrum of the solid were measured with a Hitachi spectrophotometer, EPS 34

The diffuse reflectance spectrum was measured using potassium bromide as a
standard; it was thén plotted using the Kubelka-Munk function, f(R) = (l—Rz)
/2R, where R is the reflectance. The spectrum of the solution at low temper-'
atures was measured with a Cary model 14 spectrophotometer. The polarized
absorption spectrum in the single. crystal Qas measured with a Shimadzu
multipurpose spectrophotometer, MPS-50, with the use of a miérospectdphoto-i

meter attachment.

Results and Discussion ' ‘

The electronic’ absorpt1on spectra in so]ut1on. The absorption spectrum

of TPT-TCP in chloroform has four absorption bands (Z ax’ 281, 351, 4le, and
. 570 nm), Na-TCP has one absorption band.(im' 345 nm), and TPP-ClO4 has
three absorption bands (Xmax: 281, 372, and 414 nm}, as shown in Fig. 1-1.

The ébsorption band of Na-TCP is due to the TCP'anion,,and thg absorption

e
—————

30 100 500 50 0
Wavelength  (nm)

F'ig . T=1. Absorption spectra of TPP-TCP in chloro-
form and its component ions.
—— TPP-TCP in CHCl,, —~-— TPP-CIO; in
CHC‘I, «— Na-TCP in CH,OH

-10 - j




Table 1-1" Absorption maxima of CT band in chloroform and in solid state.

in CHCL A in solid ?i
3 - Tmax o

Salts m.p. »Amax |
‘ (°c) (am) (nm) |

TPP-TCP  (203-204) 570 1565

TPT-TCP  (142-143) 595 540

ADPP-TCP  (243-245) 540 (S) 530 (S)

ADPT-TCP (175-177) 570 (S) 560 (S)

TPP-TCM  (197-199) 538 530

TPT-TGM  (156-158) 566 . 520 (S)

ADPP-TCM  (201-202) 530 (S) © 520 (8)

ADPT-TCM ( 65- 67) 540 (S) | 560 (S)

(S): shoulder

bands of TPP—C104 are due to the TPP cation. Thrge absorption bands (Amax;é
281, 351, and 416 nm) of TPP-TCP salt can be explained in terms of the ‘
superposition of the absgiption bands of the parent cation and anion, beingi'
assigned to the locally excited (LE) absorption bands of the component ions%
of the salt. The other absorption band (kmax: 570 nm) is characteristic |
of the TPT-TCP salt, because neither'the'parent'cation nor the parent anion§
have any absorﬁtion in this region. This fact suggests‘that the new band ﬁ

is an interionic CT band. A new band of this type is also found in the |

absorption spectra of the other salts. The wavelengths of these new-absorp%"
i
The new band is sensitive to the polarity of solvent. The increase '

tion bands are listed in Table 1-1,.

in the polarity of solvent causes the absorption maximum to shift toward a |

shorter wavelength and the apparent molar extinction coefficient G;app) td

decrease. -

Figure 1=-2 shows the plot of theilméi energiesAof the new bands of

TPT~-TCP salt in vaf;ous solvents versus the Z—Value,z’B’A),the empirical

Cw 4

parameter of the solvent polarity.' The approximately linearfrélationship

il 11 -




shows that the absorption'maiimum shifts to a shorter wavelength with an
increase in the solvent polarity.\ Thevother salts give similar results.
The solvent shift of the absorption bands i:igﬁése salts capgbe e?plained:
by Kosower's theory presented in his consideration of solvent éff;ct of the§

absorption spectrum of organic iodides.z’s’a)

That is, the solvent of the
absorption maximum depends on the stabillzation in the ground state and the
destabilization in the excited state. From the above results, it can be
concluded again that the new bands of these salts are due to the interionic?’
CT f%om the anion to the cation. |
"As these CT bands are due to the iﬁteraction between the anion and
the cation, both ions must be in the ion-pair form in order to exhibit‘CT

interactions. The salts are in the following equilibrium in solution.

AD == D + A » Where DA is an organic CT salt in an ion-pair form, and_

%y
80 ' o
500
= 400
2wl f
g ‘;
3 .
Ao 200
60 !
100 |
50 - - - a o
50 60 70 ) m ,
Energy of CT band (kcal/mol) F 1g 1- 3 Diclectric constant i
Fi '[g 1- 2' Energies of the charge transfer bands of = | Apparcnt molar extinction °°eﬁiC‘€“t of |
TPT-TCP against the Z-value for the solvents . - TPT-TCP against the dlelccmc constants for thc ‘
used. o solvents used. |
(1) Acetic acid, (2) Methyl acetate, (3) Anisole, 7 (1) Dioxane, (2) Chlorobenzene, (3) Bromo- i
(4) Dichloromethane, (5) Chloroform, (6) Ethyl '~~~ | benzene, (4) Methyl acetate, (5) Ethyl acetate,  : |
acetate, (7) Bromobenzene, (8) Chlorobenzene, _ (6) Acetic acid, (7) chhloromethanc, (8) 1,2 \»

© Dioxane, (10 Tolucne, (11) Benzene, - = . dichlorocthane,

(



D~ and A* are the component ions. In polar solvents the dissociatibn of the
ion-pair proceeds and the concentration of the ion-pair becomés~low,-éndv,
consequently the apparent molar eitinction coefficient (eapp) decreasesf' At
a certain concentration the eapp values were measured in several different
solvents. As is shown in Fig. 1-3, the eapp values decrease with the in=-
crease in the dielectric constant of(thg solvent. ‘Although thejsblvent
shift of the interionic CT band can Bé explaiﬁed by the term af Z-values, f
the dissociation of the salt is closely related to the dielectriciconstant |
of the solvent. ‘ | _ A g
The interionié CT absorption band is alsé sensiti;e to temperature,
and shows a considerable blue shift as the tempgrature.is lowered. In
Fig. 1-4 are-shown, for example,gthe absorptioh spectra of TPT-TCP salt in.

2-methyltetrahydrofuran (2MTHF) - toluene (9:1) solution at various temper-

i S [P R S NPT SO

Optical density

300 300 500 600 760
Wavelength, nm

Fig. T-4. ‘Absorption spectia of TPT-TCP in 2MTHF-toluene
(9:1) solution at various temperature‘.‘

A: 4.0 x 10'5m01/1 room temperature,
Aty 2, 0 x 10 3'mol/l room temperature, ‘
B: 4.0 x 10° mol/l 77°K, B': 2.0 x 10~ mol/l 77°K,

‘C"20x10 mol/l 223°K. } R



atures. - At 77°K, thebLE bands of the component ions become sharp, but do
not show any shift in ma#imum wavelength; compared with that at room temper-
arure. The CT absorption maximnm; however; shows a blue shi§$,0f§45 nm at"
227°K, and 120 nm at 77°K from the position of this band at roo@&temperatuteﬂ.:
A considreable decrease of the absorbance of the CT band occurs together : %
with this blue shift. This kind of blue shift was observed in CH2012 ,,g
solutions of some alkylpyridinium-halide salts by Brinen et al., 5)'-but:b

they did not discuss the reason of this blue shift, This temperature de- 5
pendeﬁce seems to be phenomenologicaliy,similar to the solvent effect on

. the CTkabsorptioh.

It is well kno&n that the polarity of solvent increases with thev‘
lowering of temperature, because of the enhanced orientation of the solvent
dipole. Indeed, Furutsuka et al. reported that the values of tﬁe dielectric
constant of 2MTHF at 298°, 223°, just above the glass transition}tempetature.
(108°K), and below 108°K are 7.0, 9.0, 18.0, and 3.5, respectively.;G) Thue,
the dielectric constant increases with the lowering of temperature down to %
the glass transition temperature. Thetefore, even near the glass transitioﬁ
temperature of 2MTHF-toluene (9:1), the solvent molecules around tﬁe salt afe

expected to be in well oriented state.’ Altheugh the dielectric constant
of the solvent is very small below the glass transition temperature,vthe |

local solvent orientation around the salt may be kept even in the frozen

state. The Z-value of the solvent, therefore, may increase with the'loweriﬁg

of temperature, and may not decrease even in a glass. From the result in
Fig. 1f4, the Z-values of 2MTHF-toluene (9:1) at room }emperature, 223°; and
77°K can be estimated to be about 64, 72, and 88 kcal/mol. Thus the blue |

shift and the decrease of the absorbance of the CT band can be accounted for

by the increase of the solvent polarity in the low temperature region.f,
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The electronic absorption spectrum in solid. The absorption spectra in a

solid were measured by diffuse reflectance spectroscopy. The spectra of TPP—
TCM, TPP-TCP, and 'I'PP-ClO4 are shown in Fig. 1-5. The absorption band is

at 530 nm in TPP-TCM and at 565 nm in TPP-TCP. These absorption bands in a |

l
|
{
|
|
i
|
i

solid are considered to correspond to the CT bands in solution. The absorp—

tion peaks of other salts are given in Table 1-1, i :

The CT band in the solid state lies in a somewhat shorterh.w'avelength ]

.

region than the corresponding CT band in chloroform solution, as shown in ‘
Table 1-1. This suggests that the stabilization by the neighboring ioms in

{

the solid state is larger than the stabilization by the neighboring solvent |

I
!

moleéules in chloroform solution. The vdat.:a in Table 1~1 also suggest that‘ |

the stabilization of the TPP system is smaller than that of the TPT system.
This difference méy be due to the differéﬁce in the cxystai strt;cturei, as
stated in GChapter 4 of this parﬁ.

The polarized absorption spectra of the single crystals of TPP salts -

151
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g 1 g |
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; ]
— ! :
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“ - Wavelength . ('m) . . 250 560 550 . 660
F'xg 1- 5 Diffuse ‘reflectance ‘spectra of TPP-TCP @ - . W
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show a remarkable dichroism in the CT absorption band, the optical density
being large in the direction of the crystal growth (Fig. 1-6) This suggests
that the cation and the anion are stacked in an alternating face~to-face
arrangement in the crystal growth direction, and that the CT transition.
occurs from an anion to the nearest cation in thisvdirection, which were

confirmed with TPP-TCP salt, as stated in chapter 4.

Summary

In new organic CT salts formed between a pyrylium or thiopyrylium i
cation and a polycyanoecid anidﬁ:“a CT absorption band between the cetion ad
and the anion was observed both in solution and in the crystallihe state.
The CT absorption band in solution was.fotnd.to be very sensitive to the
nature of solvent due to two different factors. As the solvant polarity
increased, (i) the absorbance of the CT band decreased by the proceeding of
the dissociation of the salt into component ions, and (ii) the CT aﬁsorptiod
peak showed a remarkable blue shift which was accounted for by the strong
solvation of the salt in its ionic ground state. The interionic CT band

was also dependent on the temperature as well as on the solvent. In a |

single crystal ‘the polarized absorption Spectrum showed a remarkable

dlchrqum, whlch may be closely related to the crystal structure.
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Chapter 2

EMISSION SPECTRA

Introduction

As mentioned in Chapter 1, the CT absorption spectra of orgenic CT
salts showed a remarkable solvent effect, because the salt in its ground(
_state is ionic. ‘The excited CT state of organic CT saits may consist of
two neutral radical species, DA, The existence of such an excited state
can be directly demonstrated by the observation of the emission from this state.

Although the extensive studies have been carried out on the absorp- }

1)

tion spectra of organic CT salts,

2)

few investigations have been reported ?
on the emission spectra. Especially, it seems that the solvent effect on
the emission spectrum has not yet been elucidated in a wide range of solvent
polarity. Among the salts investigated here, 2,4 6-tripheny1thiopyry1ium |
(TPT) - 1,1,3 3—tetracyanopropenide (TCP) salt is fairly soluble in various

solvents including non-polar ones such as toluene or p—dioxane. Therefore,
using TPT-TCP salt, it is possible to investigste'the solvent effect of the'
‘ |

- emission spectrum of an organic CT salt in detail.

In thls chapter, the author will study the emission spectra of TPT-

TCP salt. special attention being paied to the solvent effect.
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Experimental

For the measurement of the emission spectrum in the solid state, the
microcrystalline sample was sealed in a pyrex tube (2mm diameter) under

vacuum. Each sample in solution having an appropriate concentration was

. 4

degassed ‘and sealed in a pyrex tube. All solvents used were.pﬁrified accord~

3)

ing to the usual purification method. Emission spectra were recorded on

|
1

a Hitachi model MPF-3 spectrophotofluorometer equipped with a Xe excitatiopg
lamp and an R-446 photomultiplier tube, and delayed emissions were measured{
with a delayed emission accessory including a cylindrical chopper to elimi-j
nate prompt emissions. The spectra obtained were not corrected Eoth for thé
excitation source and for the photomﬁltiplier response. Phosphorescence E
L

. lifetimes were estimated from the decay curves on an oscilloscope. Fluores=

t
i
i

cence lifetimes were measured by the pulse method with an N2 gas laser ex~ i

~citation (337 nm, 5 nsec half-width). »» g;:

Results and Discussion

Emission spectrum in the crystalline state. Although sodium-TCP does noé
emit, TPT—perchlorate salt shows an emiésion both in solution and in the |
solid state. Figure 2-1 shows the emission and excitation spectra of TPT-
TCP and TPT-perchlorate salts in the solid state at room temperature. The '

: emission of the perchlorate salt in the solid state is aiso found in fluid

solution. This emission is assigned to the fluorescence of TPT cation by

its lifetime in solution (a few nsec), fhe mirror image relationship between .
the absorption and emission bands of the cation, and the excitation spectruﬁ

which approximately agrees with the absorption spectrum.

In TPT-TCP salt in the solid state, the fluorescence of TPT cation

- 19 -



Emission intensity (arbitrary)

8

Wavelength, nm

Fig. 2-1. - Emission spectra of TPT-TCP and TPT-CI0, in solid.
(A) emission spectrum of TPT-TCP, (B) emission spectrum .

of TPT—ClOa, (c) excitation spectrum of the emission of
TPT-TCP at 740 nm, (D) exc1tation spectrum of the emission

v

of TPT-ClO4 at 500 nm. : ' ‘ @
was not found, and a new emission was observed at 740 nm. This emission caﬁ
‘be assigned to an interionic CT fluorescence by the follow1ng reasons, (i) f
the mirror image relatlonshlp with the CT absorption is shown, (11) this |

‘emission can ‘be found by irradiation not only in the LE band but also in the

CT absorption band, (iii) the lifetime was very shorter than 100 Msec.

Table 2-1 Maxima of the CT fluorescence (Aﬁax) and the
T absorption band (Agax) in the solid state

.  Salts e @0 AS - (am) |
TPP~TCP 725 . 565 I | |

TPT-TCP 740 540 | R

| ADPP-TCP 640 . 530 () |

ADPT-TCP 710 560 (S)

TPP-TCM 680 530

 TPT-TCM 620 520 (S) |

"\ ADPP-TCM 670 - 520 (S) |

. =20 -



The above assignment is confirmed by the fact that such an emission
band is also found in the solid state of other organic CT salts prep;red in
chapter 1. Table 2-1 gives the’makimum wavelengths of the CT absorption
and CT fluorescence bands of these salts. An approximately parallel réla—
tionship is found between the energies of the absorption and emission bands.
Thus, when a CT interaction is present, the fluoresceﬂce of the component %

ion is completely quenched and a CT fluorescence is observed in the solid

state.

Emission spectrum in fluid solution. The emission spectrum of TPT-TCP
salt in fluid solution was measured in various solvents and at various con-

centrations at room temperature. In all cases, the fluorescence of TPT

|

cation was observed, but a CT fluorescence could not be found. As shown in;

i

. 1 : 2MTHF-C HOH (2:1)

2
2MTHF

N

3 : 2MTHF-toluene (9.8:0.2)

2MTHF-toluene (9.5:0.5)

Foy
oo

2MTHF-toluene (8:2) -

o O

p-dioxane’ - |

Relative fluorescence intensity

— |
50 550
Wavelength, nm ;
Fig. 2-2. 'Emission spectra of TPT-TCP in fluid solution at room temp. |

[
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Fig; 2-2, the intensity of the fluorescence of the cation was very sensitive
to the solvent polarity, and became weak with the decrease of the solvent
polarity. This fact suggests that the fluorescence of the cation is emitted
only from the free TPT cation present in solution, and that the amount of
the free cation produced by the dissociation of the ion-pair becomes émall
in a less polar solvent. This consideration is supporfed by the fact that
the excitatioﬁ'spectrﬁm of this emission agrees with the absorption'of TPT
cation.

Thus, in fluid solution TPT~TCP salt shoﬁs only the fluorescence of
the free TPT cafion'and no emission from the undissocilating ion-pair;' This é

is in sharp contrast with the observation of the CT fluorescence of TPT-TCP '

salt in the solid state. In fluid solution the excited CT energy may be .
deactivated radiationlessly because of the interionic CT interaction.A)

Similarly, an ordinary molecular CT complex does not show a CT fluorescence

‘ i
even in non-polar solvents except for a few rare cases, and this seems to
be understood in terms of an extremely low transition probability of a CT

. . . 5
complex in fluid solution. ’6’7)

Emission spectrum in rigid solution at 77°K. The emission spectrum of (

TPT-TCP salt in rigid solution is also affected by the nature of the.solvent.
In a polar solvent, methanol - ethanol (l:1), the emission spectrum ié ?
essentially identical with that of TPf—perchlorate under the same condition,
as shown in Fig. 2-3, The emission band at 460 nm is the fluorescence of

the cation. An emission band at 540 nm is assigned tb the phosphorescence’
of TPT cation, 5ecause this band is found as a delayed emission of the per-
éhiorate-salt at 77°K, and its lifetime is about 30 msec. Siﬁée in this

solvent TPT-TCP salt dissociates completely into two component iéns, these

two emissions originate from the free TPT cation present in rigid solution. .

Figure 2-4 shows the emission spectra of TPT-TCP salt in a less polar
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A}

Emission intensity (arbitrary)

Fig. 2-3."
~ (1:1) rigid solution at 77°K.

356 560 555 860 650
Wavelength, nm

Emission spectra of TPT-TCP and TPT;C104 in CH,0H-C,HcOH

(A) total emission of TPT-TCP, (B) delayed'gmiss}on of

TPT-TCP, (c) total emission of TPT-C1O,. ‘.

Emission intensity (arbitrary)

E{g:'2;4:

450 500 550 600
Wavelength, nm

Emission spectra of TPT-TCP in 2MTHF-toluene (9:1)
rigid solution at 77°K. |

(A) total emission by ekcitation at 420 nm,
(B) delayed emission by excitation at 420 nm,
(C) total emission by excitation at 470 nm.
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2MTHF - toluene (9:1) solution. In the case of the excitation of the LE

band of the cation, the emission at 540 nm becomes broad with a new emissioni.
around 600 nm. On the excitation of the CT band in rigid solutiom at 77°K
(at 470 nm, as shown in Fig. 1-4), only this new emission band was observed ;
clearly at 585 nm. This band can be assigned to tﬁe interionic CT flﬁores; -
cence of TPT-TCP salt in rigid solution by the following reasons; (i) the
lifetime is about 170 nsec, (ii) a mirror image relationship is found
between'this emission band and the CT absorption band shown in Fig. 1-4,
(iii) the Stokes shift of this transition, about 4200 cm-l, is compgrable
with those of ordinary molecular CT complexes in rigid sdlution.s)

The relative intensities of these three emission bands, i. e., the

|
|
. |
fluorescence and phosphorescence of the cation and the CT fluorescence, are
. |
i
f

Fig. 2-5(a) v . Fig. 2<5'(b) )
- = - .- ' . . .o - . {’:
ZMTHF toldené " , i
A 'z 9 . !
= % 1OF o %
5| B £ °
= = P
8|1 C ‘g ;
g 8 ,
- £ ;
2 D :
‘B 2z o" [
§ E § Ol W
S < o
s g
2
E
& .
e N 00l |
500 550 -600 650 o |
 Wavelength, nm - o 0.5 W
. Volume fraction of toluene [
) {
Fig. 2-5. |

(h)"Em15510n spectra of TPT-TCP in various compos1t1ons of 2P4THF-~f
toluene solvent system at 77°K by 420 nm exc1tat1on. 4 e
(b) Relative phosphorescence intensity of TPT cation agalnst the |

solvent composition of 2MTHF-toluene systen. -
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very sensitive to the solvent polarity.‘ The total emission.speifra of TPT-
TCP salt by 420 nm excitation are shown in Fig. 2-5(a) for various composi-f
tions of 2MTHF - toluene solvent system. In a more polar solvent the phos-i
phorescence of the cation is predominant over the CT fluorescence, while in;
a less polar solvent the CT fluorescence predominates. The relative inten—i'
sity of the phosphorescence of the cation is plotted against the eolven;
composition in Fig. 2-5(b). The intensity of the phosphorescence ieireduced
strikingly with the addition of toluene, but its lifetime remains almost
unehanged. Furthermore, upon the direct excitation of the CT absorption
band, the phosphorescence of the cation cannot be observed at all. These
facts indicate that even in a non-polar solvent the phosphorescence of the ;
cation is emitted oniy from the dissociated free cation. Therefore; ehe
dependence of the emission spectrum on the solvent polarity shown in Fig.
2-5 can be accounted for by the variation of the relative amount of the free
TPT cation. This result shows that the solvent'polarity,similareto that ofj
2MTHF - toluene (9:1) is required for the dissociation of the salt in rigid?,
solution. This appears to correspond to the fact that in solution ae roem g
temperature the salt dissociates almost completely into two compoeent ions |
in the solvent of dielectric comstant > 10. ' ' f
As stated ebove, the solvent polarity is a very important‘factor in |
determining the emission spectrum of the interionic CT salt, the deeree of
dissociation of the salt being primary determined by this factor. The
solvent polarity has also effeet on the maximum wavelength and the lifetime
of the CT fluorescence. The maximum wavelengths and the lifetimes of the
CT fluorescence; and the maximum wavelengths of the CT absorption bandkin
various solvents are listed in Table 2-2., Exact maximum of the CT fluores-%
cence is difficult to decide with the excitation in the LE bands, as both
the CT fluoresceﬁce and the phospho:escence of the'cation areuebservedl

e . . 1
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Table 2-2 The maximum wavelengths (xiax) and Tlifetime ('rF) of the CT
fluorescence at 77°K and the maximum wavelength _(iga}‘() of the

i CT absorption band in various solvents

wy e
v

Solvent Nl a8 a7k A ar 293k
(nm)  (nsec) = (om) ' - (nm) |
 2MTHF 585 150 460 (s)3 585
IMTHF-toluene (9:1) 585 170 470 590
“ (8:2) 590 240 - . ses
W (6.5:3.5) 596 290 - 603
" (5:5) 600 - - 625
" (2:8) 610 330 - 635
p-dioxane” - 635 - - 635

! By cT absorption band excitation at 470 nm at 77°K.

2 : By N2 gas laser excitation at 337 nm at 77°K.

% : Shoulder. " : In a cloudy solid at 77°K.

simultaneously. Therefore, the maximum wavelengths given in Table 2-2 were
determined by the excitation of the CT absorption band. The fluorescence

lifetimes, however, were measured onfﬁhe excitation at 337 nm of an N_ gas G
laser. | %

The increase of ?he solvent polarity causes a blue shift:of the CT |
fluorescence.“The amount of this blue shift is comparable with the amount !
of the blue shift of the CT abéorption maximum with the increase of the soi;
vent polarity in solution at room temperature. A CT fluorescence of organié
CT salts in rigid solution has been reported only by Brinen et al. on some |
alkylpyridinium-halide salts.z) They observed the CT fluoresceﬁces of thesé

salts in three solvents, that is, water, methanol - ethanol (l:4), and di- 5’

chloromethane, and indicated that no solvent effect was observed on the
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the energy of the CT fluorescence; Therefore;vthe result observed in the
present éystem is quite different from that in alkylpyridinium saits. j
As a CT salt has an ionic ground state, an ion-pair is strongly
solvated in the ground state. Even'in Franck-Condon state, therefore, the ;
salt is strongly solvated, in spite of the components of the salt being
‘neutral in the excited state. Brinen et al. suggested that the solvent-
solute reorientation occurs during the relaxation of the excited state from;
the Franck-Condon state to a fluorescent CT state even in rigid.soiution.
Recently, Kobayashi et al., however, have shown that in s—tetracyanobenzene;
complexes this kind of reorientation does not occur sufficiently during

7)

the relaxation in rigid solution at 77°K. The present observation of thej

|
i

blue shift of the CT fluorescence, suggests also that the reorientation of

i
I
|

the solvent molecules is insufficient at 77°K, and that the salt in the CT é
fluorescent state is still solvated in the similar fashion as in the ground?
state. If the CT fluorescence of this salt could be observed in fluid
solution, the energy would remain constant independently on the solvent -
polarity, because the reorientation of the solvent molecules would occur
sufficiently in fluid solution. \
The lifetime of the CT fluorescence becomes long with the decrease
"of the solvent polarity. The increase‘of the lifetime may be caused by the
decrease of the radiative transition pfobability or the decrease of the
radiationless transition probability of the excited ion-pair. If the
emission probabiiity decreased, the quantum efficiency of the CT fluorescence
- would show a considerable decrease corresponding to the increase of the
. fluorescence lifetime. Although the quantum efficiency of the CT fluores~- |
cence cannot be decided, because the concentration of the undissociating

ion-pair in rigid solutipn is nnknoﬁn, such a decrease of the intensity of

the CT fluorescence was not observed. This suggests that the dependenée of
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‘the fluorescence lifetime is attributable to the decrease of the radiation-

less transition probability of the excited ion-pair in a less polar solvent.

Summary

The emlssion spectra of an organic CT salt: 2,4,6—triphényithio;&ryliqm-
1,1,3,3-tetracyanopropenide (TPT-TCP) were investigated in the solid state ‘
“and in solution of various solvents. TPT~TCP salt showed exclusively a CT
fluorescence, emission from the component ion being quenchgd. Other CT salts
prepared in the chapter 1 also showed_this type of emission. This is the |
first example of the CT fluorescence of organic CT salts in the érystélliﬁe ‘
state. A CT fluorescence was not observed in fluid solution of TPT-TCP salti
bﬁt was again observed in non-polar rigid solution at 77°K. This observatioé
of CT fluorescence clearly demonstrated the presence of the excited CT stateé
of TPT-T(CP salt, Both in the solid state and in solution.

Although the excited CT stéte is considered to consist of two neutral:
radical species, D°A", the CT fluorescence in rigid solution showed remarked’
solvent effects in its energ& and lifetime, This‘may be due to thatbthe
étrong solvation in the ionic ground state considerably influences on. the
orientation of solvent molecules around the sal;’even iﬁ the -excited CT staté

i

in rigid solution at 77°K.
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Chapter'3

ELECTRICAL AND MAGNETIC PROPERTIES

Introduction

In order to elucidate the role of the interionic CT interaction in

the electrical properties of organic CT salts, the photoconductive and semi{ o

I
|

conductive properties as well as the magnetic properties have been investi- |

gated in this chaptér.

Although the photoconduction has been found in severéffWeak molecular
CT complexes having low dark conductivity,l_4> the photocarrief*%eneration,%
in most cases, has been considered to be extrinsic in nature, and the intriﬁ—:
sic carrier generation is not proved in any cases. With weak molecular CT i
complexes, Akamatu and Kuroda discussed the relationship between the condqu‘
tion state and the excited CT state.l) They suggested that between these
two states, may be present the difference of energy equivalent to that
- necessary for the separation of the excited CT state into free ioms, that is,
the separation of a DTA; ion-radical pair into two charge carriers, and this
large energy may prevent'the intrinsic carrier'generation, However, in the
case of an interionic CT salt, the excited CT state may coﬁsist of two neut;#l
radical species, D'A’, and consequently, the carrier separation from the CTE

state will be fairly easier than in the case of a weak mqlecular'CT complex;

Thus, in an organic CT salts, is expected the possibility of the intrinsic
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carrier generation by the CT e%citation.

Actually, ail fhe CT salts investigated here shoﬁ‘about ten times
larger photocurrent on irradiation at the CT absorption bandg*whgn compared
with the dark current. Furthermore, a weak esr signal, which %ééms to |
originate from the charge carrier in dark conduction, was enhanced on the CT
and near IR excitation. On the basis of the results on the electrical and
- magnetic properties, the auther wili discuss in this chapter'the mechanism;

of electrical conduction and the possibility of the intrinsic carrier gene-

ration in organic CT salts.

Experimental

Materials. The organic CT salts were purified by repeated recrystallizé-*
tions at least three times. Vacuum sublimation or zoné refining could noti
be used for the purification due to the decomposition of the salt. Singleéﬁ
crystals of the CT salts, dimensions about 2 x 1 x 0.5 mm, were grown fromj'
methanol - water (4:1) or méthanol solution. However, except for TPT- ;
perchlorate, single crystals of the perchlorate salts of other cations

could not be obtained.

Conductivity measurement. The apparatus for the measurements of the

dark and photoconduction is depicted in Fig. 3~1. The D.C. conductivity
was measured By a Takedariken vibrating reed electrometer, type TR-81. ;
Temperature was controlled by passing cold nitrogen gas or heated air
around a single crystal sample, and was monitored by'E thermocouple. Lighé
from a 500 W Xe lamp, arc current 20 A, was monochromatized by a monochro—g
mator. The energy distribution and the absolute light intensiéy of the Xe
lamp were shown in the previous paper.s) To investigate the light inténsify
dependeﬁcé of‘ﬁhe photocurrent, neutral filters of known transmittance were
- L s \
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Fig. 3-1'.. Apparatus for the conductivity measurements.

inserted between a sample and é monochromator.‘ A single crystal was settled
on a quartz plate by Ag paste, which was used as electrodes (Fig. 3-1). 1In
'the case of TPP-perchlorate, a compressed pellet of powder crystals was usedl
The voltage-current characteristics were ohmic in all samples up to 200 v
applied voltage and no photovoltaic current was observed when no voltage was
applied. These facts indicate that the choice of this elecﬁrode ié adequate,
and that carrier.injection from or to an Ag paste electrode is negligible.
All conductivity measurements were perfomed both in dry air at one atmoéphere

and in vacuum at 10—4 - lO-'5 mmHg .

Esr measurement. An electron spin resonance measurement was carried out

with an X band, JES-ME2X type spectrometer (Japan Electron Optics Laboratory:
Co., Ltd.) with a double mode cavity. A microcrystalline sample was packed»?
in a quartz tpbe and measgred both in air and in vacuum at lO—2 mﬁHgQ The
concentration of unpaired spins of.é.salt was estimated by comparing its

intensity with that of a DPPH sample. DPPH (Wako, pure grade) was purified

- 32 -



by repeated recrystallizations from CS2 or petroleum ether ( a ffaction of |
b.p. < 40°C) solution. The benzene solution or the powder sample disperse?
in KC1 (Merck, ultra pure grade, dried over 2 days at 200°C in vacuum) was
used as a sample of known concentration of unpaired spins. Temperature was
varied by passing cold nitrogen gas or heated air into the -.cavity, and was
monitored by a thermocouple attached around a sample tube- in the cavity.

The g-value éf the unpaired spins in a salt was determined from the g—value?
of Mn+ in a MgO samplex6) For the measurement of photo-esr absorption, a
500 W Xe lamp of 20A was used. The spectral dependence of t&gnphqto-esr'
absorption was roughly astimated by comb’aing several color.gigés'filters ;

of known transmittanc. at various wavel:- :ths, as the light from a mono- !

chromator was too we«: for the observat : of esr absorption change. |
Results
‘Dark and photoconductivity. The organic CT salts investigated here are

~ semiconducting with the resistivities in the range of 1010 - 1012 ohmscm at -

room temperature. However, on irradiation with a visible light, a photo-

current of ca. 10 times larger magnitude as compared with the dark current

was observed.

The light intensity dependence of the photocurrent obeyed‘i =”a-Ln;'

ph

where L is the incident light intensity, o and n are the constants. Figure5

i

3-2 shows this relation and the results are listed in Tablé 3-1. The value
of n appears to be independent ofithe presence of air, being about 0.5 for
all salts. |

The spectral dependence of'thebphotocoﬁduction is shown in‘Fig. 3~3
for.several salts, together with the corresponding absorption speétra.

Each photoconduction spectrum is normalized to the light intensity at 360 nm.
- $
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Photocurrent {arbitrary unit)

 f — PR | P | ——d

| 10 100.
Light intensity ( 10'* photon/cm2-sec)

Fig. 3-2. Light intensity dependence of photocurrent’*
at 650 nm of TPT-TCP salt. ”

~Table 3-1  Light intensity dependence of photocurrent of the salts.

Salts n in ip = a.L" : Aex! (nm)
in vacuﬁm in air |

TPP-TCP 0.5 . 0.5 600
TPT-TCP 0.6 0.5 650
TPP-TCM 0.6 0.8 600
TPT-TCM 0.7 0.7 650
ADPP-TCP - 0.6 600
ADPT-TCP - - 0.5 600
ADPP-TCM - 0.5 600
TPT-C10, 0.4 0.4 500

B wavelength of illuminating light.
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Table 3-2

Specific resistiviffes(pd) in the dark at room temperature,

photoconduction maximum wavelengths (kggx) and absorption

max imum wave]engthsv(kgzx) of organic CT salts

Salts oy e A2 (am) -
(otm- cm) CT band! LE band?

TPP-TCP 101t 640, 500 565 410

TPT-TCP 10" 640, 500 540 390

TPP-TCM 10%0 580 530 410

TPT-TCM 10t 600 520(8)® 390

ADPP-TCP 10" 580, 520 530(s) 435

appr-TcP 100 620, 520  560(S) 430

sopp-TcM  1oMt 630, 520 520(S) 435 ;
TPP—ClO4“ 1012 500 : - 410 !
TPT-clo, 107 500 | - 390

1 : measured by diffuse reflectance spectrum in solid state.

2 : the lowest LE band of the cation in absorption spectrum in
CH3OH solution. ° : measured in a compressed pellet of powder

4

crystals. ¢ shoulder.

-The resistivity in the dark, and the maximum wavelengths of the photoconduc-

tion and the absorption are summarized in Table 3-2. As can be seen in Fig.

3-3 and Table 3-2, a large photoconduction peak is observed in all CT salts

in the long wavelength side of the CT absorption band. In TPP-TCP (Fig. 3-3

a) and TPT-TCP (Fig. 3-3 ¢), another photoconduction peak, which is smaller{

than the former peak, is observed at the absorption edge of the LE band of ¥

the cation. However, TPP-TCM (Fig. 3-3 b) and TPT-TCM (Fig. 3-3 d) did not

show this peak clearly, perhaps because this peak is hidden by a iarge f

1

former peak. In TPP-Clo4 and TPT-C10,, in which CT interaction is absent

between the cation and the anion, only latter peak was found. This fact

indicates that the former photoconduction peak may be the result of the
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excitation at the CT Band, and the latter may be due to the local excitation
of the cation. Furthérmore, a relatively small photocurrent was observed
when a CT salt was illumunated with a light in the neér IR region (800 -
1100 nm). This may be dgg to the presence of deep traps of charge carriers;
Spectral dependence curve was reproducible during repeated measurements,

and did not depend on the samples of single crystals. The effect of air on

the photoconduction spectra was very little.

light off
660nm ¢

o

%

Photocurrent (arbitrary unit)

5 -
off
400nm ¢
' \
o} -Js. light on e
| 2 . ;
Time (min) : §

Fig. 3-4. Time responsé' cuives of photocurrent of TPT-TCP salt

in vacuum at room temperature.

“ 2

A typical time response curve of the photocurrent is depfcted in FigJ
3-4 for TPT-TCP salt. Upon excitation in the CT band (650 nm), the photo-
current increased immediately and reached rapidly a steady state value, and
when the excitation was removed, following a rapid decay of the photocurrent;
a considerably long tail was observed as the initial value of the dark
current was approached. This suggests that the photoconduction by the CT |
éxcitati_on is not strongly iimited by charge carrier traps, although shallow%

traps are present in the crystal. The excitation at 450 nm caused a slight-

ly slower response of the photocurient, ' .
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Fig: 3-5. *Témpeﬁatufe dependence of dark current and photocurrent at

Table 3-3

650 nm of TPT-TCP salt in vacuum and in air.

.~e»—e—o— dark current, —o-o-o-photocurrent,

Activation energies of dark and photoconductivities of the salts.

Salts Ea, (ev) - EaPh (eV) Aex!

in vacuum in air  in vacuum in air = (nm)

TPP-TCP 0.6 0.5 0.6 0.6 600

0.6 0.5 1000

TPT-TCP 0.4 0.4 _ 0.45 0.4 650
0.5 0.5 1000

TPT-TCM 0.9 0.8 0.8 0.7 - 600

ADPP=TCP ~ - 045 - 0.45 600

ADPT-TCP - 0.6 - 0.6 600
ADPP-TCM - 0.45 - 0.35 600
TPT-C10, 1.2 0.9 - 1.2 0.9 500 -i

1.2 0.9 1000

1, wavelength of illuminating light. _ T ]
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The temperature dependence of the dark conduction and photoconduction
was investigated between 273° - 323°K. Both for dark and photodurrents,
o= ioexp(—Ea/kT) holds. A typical result is given invFig. 3-5 for TPT-TCP .
salt in vacuum and in*air. The activation energy, Ea, of the photocurrent,”
0.45 eV in vacuum and 0.4 eV in air, is approximately the same with that of
the dark current, 0.4 eV, both in vacuum and in air. Furthermore, the photoL
current at 1000 nm had also essentially the same activation energy, 0.5 eV,
as the photocurrent at 650 nm. The other salts also gave essentially the

same results (Table 3-3).

Esr absorption. A weak esr signal observed initially in perchlorate

salts of TPP and TPT cations disappeared by additiénal recrystallizations
of the salts. Therefore, all CT salts were prepared carefully from the
corresponding perchlorate salt which gave no esr signal. Even when prepared ‘
in this way, CT salts showed a single broad esr absorption band which did

not show a marked change by further recrystallizations. This fact indicates
that this absorption is not qf impurities. The esr signal of TPT-TCP salt,

~for example, is depicted in Fig. 3-6. The g-values and the totaIISpin con-

' i

. A ; in the dark

_ : B : on.illumunation with
/;,B - «
P a white light -
Mt ini 2+ 3y

4=2.03114 1\ n L |

:: free electron
1 9=2.0023

. Fig. 3-6. Esr absorption Speét?a of TPT;TCP salt in vacuum

at room temperature.-
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Table 3-4  g-values, total spin concentration ([S]) and the ratio (R) of

esy intensity on illumination with a white light versus that

I

in the dark of organic CT salts.

Salts  g-value [s] ' R
(spins/gram)
TPP-TCP  2.00270 1 x 1090 1.3
TPT-TCP  2.00310 2 x 10%° 1.8
TPP-TCM  2.00295 1 x 10%0 1.3
TPT-TCM  2.00380 5 x 10%° 1.4
ADPT-TCP  2.00530 2 x 10%° 1.5
ADPP-TCM  2.00480 1 x 107 1.35

centrations of the CT salts are listed in Table 4. As the valgevof spin
concentration changed somewhat from crystals to crystals, avegggé v%lues

.4
are listed. The total spin concentrations, 10ls - 10l6 spins/gr;ﬁ, are
much smaller than those observed in many strong molecular CT complexes,7’8)
and almost the same with those measured in weak molecular complexes.g)
Thesé esr signals seem to arise from the defects in the crystal. Uponk
illumination with a visible light, the intensity of an esr signal increased
slightly but the g-value showed no shift (Fig. 3~6). The rati§ of esr
intensity on excitation by a white light to that in the dark is 1iéted in

Table 3-4. When the perchlorate salts of the cation and the alkali metal

salts of the anion were irradiated, no esr absorption was observed. The

lights in the CT band region and in the near IR regién (500 - 1200 nm) were

effective on increasing the esr intensity, while those of shorter than 450

nm were ineffective.
The photoresponse curve of an esr signal, for example, of TPT-TCP
salt is shown in Fig. 3-7. Thé curve at room temperéture showed a fairly

rapid rise and decay, and was quite similar to that of photocurrent shown
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Fig. 3-7. Time response curves of photo-esr absorpotion
of TPT-TCP salt in vacuum at room temperature.
in Fig. 3-4. No significant difference in an esr absorption was found
between in vacuum and in air. The spectral'response, the time response
and the effect of air of the photo-esr absorption suggest the close rela-

tionship between the photo~induced paramagnetism and the photoconduction
of the CT salts.

The témperature dependence of an esr absorption in the dark and on
irradiation was investigated in the range of 213° - 323°K. The total spin
concentration and the g-value of an esr signal showed no éignificant change,
when temperature was lowered, indicating that the amount and nature of the
paramagnetic species which existed originally in the material are independ-
ent of temperature. On the other hand, the photo-esr absorption showed a
gradual decrease in its spin concentration with the decrease of‘tgmperature;
activation energy being slightiy negative C < 0.2 eV). Therefore,Aboth
paramagnetic species induced by light and those originally present in the

crystal in the dark are not produced by the thermal activation process.
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Discussion '

The general features of the electrical conduction.

(i) A1l CT salts show a larger photocdrrent peak at the long wave-
length side of the interionic CT absorption band, and this photoconduction
was almost unaffected by the presence of air.

This photoconduction is much larger than that observed in the per-
chlorate salt of the corresponding cation. A good repyoducibility of the
photoconduction was observed during several repeated measurements, and even;
when measured on different single crystals, the behavior ofvthe‘photocon—
duction remained almost unchanged. These facts suggest that observed photo%
conduction in this region is intrinsic and‘the photo-excitation of the

interionic CT band contributes to the photoconduction.
i

Charge carriers seem to be generated in the bulk rather than on the
surface of a crystal. Carrier generation in the bulk can explain the reason

why the CT absorption peak does not coincide with the photocurrent peak.

That is, the number of photons reaching the bulk of a crystal are larger at
the edge of the absérption band than at the absorption peak. Photocurrent, 1-
which is insensitive to the presence of air, supports also the bulk carrier’
generation.
| (i) A1l CT salts show a smaller photoconduction in the near IR

region of 800 - 1100 nm, which is also insensitive to the presence of air.

This result suggests the presence of deep traps at 1.0 - 1.4 eV below
the conduction level. .As this}value is‘cqnsiderably larger than the observed
activa;ion energy, the dark current cannot be caused by the thermally acti-
vated carrier genération from these deep traps. |

(i11) When excited in a LE band of the cation, the photoconductidn»

.does not appear significantly.
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This may be due to that the photon is absorbed mostly on the surface :
of a crystal. However, the photon in the absorption edge of the LE band
|

can reach somewhat the bulk of a crystal, and can produce the photocarrier

as in the case of CT band excitation as follows,

- - 4% - . .
oay s @) —> @A) —> o+ 4
ground state LE state excited CT state photocatrier

(iv) The photocurrent in the CT absorption region is proportional
to about the 0.5 power of the incident 1ight intensity.

As the photoconduction in this region seems to be intrinsic, one
photon absorption produces two charge carriers. However, if the carriers
" disappear by the recombination between electrons and holes during its
migration, the concentration of the carrier will be proportional to the 0.5
power of the light intensity. Thus, the photoconduction in this system may§

be recombination limited.

(v)‘ Both dark conductivity and photoconductivity in the CT absorption

oy .
P 0

and in near IR regions have the same activation energy. %

As can be seen in Table 3-3, the most striking result of the electrif
cal properties 6f the‘organic CT salts is that the values of the activationj
energy of the dark conduction and photoconduction are the same without any

exception with respect to six CT salts investigated. This property seems
to be general with this kind of organic salts, and is basically important

to frame up the conduction mechanism in the salts in the following.

Mechanism of the electrical conduction in organic CT salts.

As stated above, all CT.salté have the same'activatiqn energy in dark
conduction as well as in photqconduction. This property reminds us immedi-:
ate;y a "trapping conduction mechanism' as a most simple model which can
explain the agreement of the values of the activation energy.of‘daxk cbnduc7'

tion and photoconduction. Figure 3-8 shows schematically the trapping.con—z
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Fig. 3-8. Trapping conduction model in TPT-TCP salt.

duction model with TPT-TCP salt, as an example. With this model; a TPT—TCPl
crystal has the trapped carriers 0.4 eV below the conduction level and in
the dark the trapped carriers are thermally e#cited up to the conduction jevel
and the carriers generated in this way migrate through the crystal repeating -
the trapping and detrapping processes. Thus, the activation energy ip the ;
dark conduction must be 0.4 eV, the depth of the trap levels'below the'con—i'
duction level, Being the energy reduired for the trapping conduction.

In the case of photoconduction, the photocarriers are spontaneously
generated in the conduction level by the absorption of the light in thé CT

band, because, as discussed later, the energy level of the conduction stateﬁ

i
|

may be approximately equal to that of the excited CT state. The photocar— |

riers thus generated migrate by the trapping conduction mechanism. In~this}
|

i
!

mechanism, no activation emergy is required for the carrier ganeration, and
the activation energy of 0.4 eV as observed must be consumed in the carrier
migration process. Thus, both for dark conduction and- photoconduction the

same amount of activation energy-is required, being 0.4 eV)for both. Photo=
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carriers generated from the deep trap levels by near IR illumination require
also the same activation energy for their migration

In the present model, only electron carriers are considered. As the
molecular size of the acceptor cation is considerably larger than that of
the donor anion, the acceptor radical A, i. e., electron, might contribute

predominantly to the photocurrent.

Photoconduction and paramagnetic species.

As stated previously, the investigation of esr of the CT salts re-

- vealed that (a) CT salts showed ééme amount of temperature indepéndent esr‘
absorptioh even in the dark, (b) the perchlorate salts in which CT inter-
action is absent gave no esr signal, (c) the total spin conéentration was of
the order of 1015 - 1016 spins/gram and this amount changed considerably
when measured on the different samples, (d) photo-illumination increased

the esr signal and this photo-esr absorption showed similar time response
and spectral response with photocurrent, (e) the temperature dependence of

_the photo-esr absorption showed a slightly negative activation energy, the
sigﬁal increasing with tﬁé loﬁering-of temperature and the time response
curve of the photo-esr absorption showed considerably longer rise and decay -
at lower temperatures.

The temperature independent esr signal in the dark may be due to the
charge carriersltrapped in shallow traps as shown in Fig. 3-8. This trapped
carriers may be generated from crystal defects by CT interaction, because of
(b) and (e). Photocarriers and the paramagnetic species of the photo-esr
may Se the same (d),~as can be expecged from the model in Fig. 3-8. The
slightly negative activation energy of the photo-esr may be understood by
the decreasingvof the recombination of the paramagnetic species with the

lowering of temperature. Actually, the time response curve of the photo~

“t
i

esr absorption shows considerably longer rise and decay at lower temperatures.

- 45 - ‘ o ,

W 4 i
: |



As paramagnetic species and the charge carrierxs are the‘same, this bghavior
of the photo-esr signal is in line with the recombination limited photocon—
conductivity, a photocurrent being proportional to the 0.5 power of the
light intensity.

In the case of strong molécular CT complexes, such as perylene -
iodine complex, a good coincidence between tﬁe Values.of the activation
energy of dark current and of unpaired spin concentration was observed,
and this fagt was used for the proof of the paramagnetic species observed

7)

in the esr spectroscopy being identical with the charge carriers. This
kind of coincidence is not necessary in this system, because the thermal
activation process in the dark conduction is the carrier migration process;
If the carrier concentration in the dark is equal to the spin concentration,
about 10ls electrons/gram, éhe mobility of the carrier will beiestimated to
be 10-5 - 10.-6 cﬁz/Volt;;ec from the relation‘of i= Neﬁ, where N is carrier
concentration, € is electric charge and Y is mobility. This value seems tq
be very small as compared with the observed mobiliFies of organic compoundé.
10) However, taking account of the facts that a fairly large energy is

required for the carrier migration, and that the photoconduction is recombi=-

nation limited, this small value of mobility may be conceivable.

Another possible mechanism of the electrical conduction.

Although the above mentioned mechanism can well account for the re-
1

sults of the electrical and magnetic properties of organic CT salts, it may
be remarked that other mechanisms might also be possible for both the car-j
rier generation and migration. At-first, charge carriers can be generatedfk

by the interaction between crystal imperfections and CT excitons migratingﬁ

in a crystal. 1In this case, the carrier generation is extrinsic. This

mechanism is the same as that suggested by Akamatu and Kuroda for the photo-
~ . s

conduction of pyrene complexes.l> Since both mechanism can’éﬁplain the !

NN
b
'
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spectral, temperature and light intensity dependences of the photocurrent,
it is fairly difficult to decide which mechanism is more plausible. However,
from the fact that the behavior of the photoconduction shows a good repro-
ducibility when measured on several samples of single crystals, the author
thought that the former mechanisﬁ is more probable, thét is, the intrinsicé
carrier gene;ation. |

With weak molecular CT complexes, Akamatsu and Kuroda sﬁggested that
the energy equivalent to the difference of - energy between the conductioé
level and the CT exciton level is required for the sepafatiqnfpf a D+A_ ;
ion-radical pair. Therefore, in this case, CT excitons are impossible to |
separate spontaneously into charge carriers. However, in interionié salts,5
the interaction between two neutral radical species, D'A', in the CT excited,
state may be small, and consequently an energy required for the charge
separation may be smaller than that in the case of molecular CT compléxes,
and the photocarriers can be generated from the excited CT state with very
small thermal energy compared with the activation energy for the migration.é
Therefore, the energy level of the conduction state may be approximately

equal to that of the excited CT state, and the intrinsic charge carrier

oy .
PR 1

generation seems to be possible in organic CT salts.

§ ¢

On the other hand, instead of the trapping conduction, a Hopping mechan-
ism may be po$Sible for the carrier migration process. In this case, the |
charge carrier migrates from an ion to another with an activation'energy
of 0.4 - 0.8 eV. This value seems to be fairly large as the activation
energy for hopping conduction. However, these two mechanisms, i. e., trap-
ping conduction and ﬁopping conduction, can quite well explain the experi-

| mentél results, and the latter possibility cannot be excluded.
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Summary

The single crystals of organic CT salts investigated here are poor
semiconductors with the resistivity of lOlo— 1012 ohm*cm at room temperature,
but show about 10 times larger pi}otocurrent upon the excitation in the
interionic CT'absorption region. From the fact that the photoconduction
showed good reproducibility, when measured on several samples of single

crystal. The values of the activation energy of the dark conduction and

[
I

photoconductionwere the same without any exception. On the basis of this f
. _ v |
result, the trapping conduction mechanism was proposed with organic CT salts.

The charge carriers in the trapping conduction could be detected by esr

|
. i
!

measurements. A weak esr signal observed originally in these salts 4 ?
increased on the CT and near IR excitations. This photoinduced paramagneticg'
species were assigned to the charge carrier in the photoconduction from its :

time response, spectral dependence and the effect of air.
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Chapter 4

CRYSTAL STRUCTURES

Introduction

For the qnderstanding of the physical properties in solid state, it
is basically important to have knowledge of the crysﬁal structure. In the ’
previous chapters, the role of interionic CT interaction in the physical |
properties of organic CT salts have been discussed. 1In this chapter, the
crystal structures of organic CT salts will be discussed.

Many crystallographical studies concerning ordinary molecular CT
complexes have clearly demonstrated the effect of CT interaction on the

1,2,3) Especially, most 1:1 solid complexes between T w

crystal structure.
donors and W acceptors have common features in crystal structure, that is,
the infinite stacking of parallel donor and acceptor molecules, and a good

overlapping between two components.

As compared with these molecular CT complexes in which grwo componenté

i
i

are bounded by CT and van ‘der Waals forces, the influence of in;erionic CT
interaction_on the cfystal striucture is almostunkncwn; because the lattice i
energy of organic CT salts is attributed to a very strong electrostatic
force between the cation and/the anion.

Several organic CT salts have been investigated by the x-ray struc-
ture analysis. The crystal structures of the iodide salts with aromatic

|

|

: i
‘ |

[

i

!

}

i
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: . . 4,5,6
planar cations are of particular interest. *7° )

The tropylium and N-methyl-
acridinium salts have the structure consiéting of infinite columns stacked
by ion-pairs in which the iodide ion is located approximately aBove the
~ center of the aromatic cation plane. By contrast, in l-ethyl-2-methyl-

6)

quinolinium salt ’ the iodide ion and the planar cation lie roughly on a
pléne. On the other hand, the quinglinium salt of 2-dicyanom§;hyl§ne—
1,1,3,3-tetracyanopropeniide,7) one of the salt of poiycyanoacid}%;ion, has
again the crystal structure of ion~pair type.

In this chapter, therefore, the crystallographic studies on organic CT
salts prepared here have been carried out, in order to elucidate the role
of interionic CT interaction in the crystal structure. Two organic salts,
2,4 ,6-triphenylpyrylium-1,1,3,3~tetracyanopropenide (TPP-TCP) and 2,4,6-
triphenylthiobyrylium-l,1,3,3~tetracyanopropenide (TPT-TCP), were chosen
because the polafized absorption spectra of single crystals of these ﬁwo
salts~showed quite different results each other, invspite of the very simi-

larity of their chemical structures.

4-1  CRYSTAL STRUCTURE OF TPP-TCP SALT

Experimental

Crystal data. [(C23H170)+-(C7HN4)-], F.W. = 450.5, monoclinic, @ = 13.024,
b = 21.357, ¢ = 8.324 Z, B =94.56°, Z =4, Dm= 1.38 g'cm~3(CC14-C6H6), ' ?
Dx = 1.32 g-cm-3; space group : P2;/a, absent spectra ; hOl: h # 2n, 0kO: %
k # 2n.

Dark-red, needle crystais of TPP-TCP salt. were recrystallized'from
a methanol solution. Oscillation and Weissenberg photographs showed that

the crystals belong to the monoclinic system and the space group is P2,/a.

Both the determination of cell constants and the collection of intensity

/!
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data were carried out on a Rigaku four-cycle diffractometer.

The crystal used for the intensity measurement had dimensions of 0.32
x 0.45 x 0.15 ﬁm. The crystal was mounted on a goniometer—he;d along the
C axis. Nickel-filtered Cu-Kd1 radiation was used. The w-20 scan technique
was applied. The scan range, A(20) of each reflection, was compute& by the
equation: A(26) =.(2.0°i 0.7°tan6c). - The starting angle of the scan is (26C
- 1.0)°, where Bc is the calculated value of Bragg angle using A(Cu-Kai)
(= 1.5405 Z), and the scanning speed was 4°min-1. The background was meas-

ured at both ends of the each scan range. A total of 3394 independent re-

ey
BN

. . . . ' N -1
flections was obtained. No absorption correction was made (U = 8.2 cm
. v

LR

for Cu-Kai).

Structure Determination and Refinement

The phases of the reflections were determined by means of the symbolic

8)

addition procedure. SIGMA program was used to computé the normalized strué-
-ture faétor magnutude, |E|, and to list the I, relationships for each re- |
flection. Three reflections, 0 3 2, 1 10 6, 11 5 5, were chosen in order to
specify the origin, and two other réflections were éssigned to have letter
phases A and B in order to facilitate the symbolic addition procedure (Table;b
4-1). The signs of 108 reflections oﬁt of 143 reflections (|E| 2 2.0) were |
determined by hand calculations. TANGENT FORMULA program was then used to }
~calculate the phases of 628 reflections with [E[=i 1.3. From the interaction
list the signs of two letter phases A and B were both assigned to be minus.
From the E map, as shown in Fig. 4—1, the positions of all non-hydro-!

gen atoms were found. The oxygen atom in the pyrylium ring was identified

by the Fourier synthesis based on these atomic coordinates assuming that allé

the atoms in the ring are carbon (B = 3.5‘K 2), which was later confirmed
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Table 4-1

(a) Distribution of normalized structure factor and statistical averages.

—
——

Distribution of |E|

Experimental Theoretical
(%) - (centrosymmetric) (%)
[E] > 3.0 0.8 ' 0.5
[E| > 2.0 . . 4.2 | 5.0
- |E| 2 1.0 29.0 . 32.0

e 0.752 0.798
<[E]2> " 0.996 1.000 )
- 1027 0.968

(b) Starting set of application of I, formula.

h k1 [E| Phase
0 3 2 b4obb +
1 10 6 4.91 o+
1 5 5 3.59 +
0 4 2 5.55 A
9 13 2 4.83 B

(C) Process of the symbolic addition procedure

Run number Number of reflections |[E| Number of phases determined

0 5 Starting set
1 143 . 22.0 108 (hand calculations)
2 628 >1.3 579 | ’»
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g sing,

Fig. 4-1. E-map viewed along the c axis.

by the block-diagonal least-squares refinement using FBLS program. Four
cycles of isptropic refinement reduced the R value to 0.150. Three cycles
of anisotropic refinement using 2867 reflections (sine/A £ 0.53), reduced
the R value to 0.084. The positions of hydrogen atoms were found from the
difference Fourier synthesis computed at this stage. Further refinement
including hydrogen atoms gave the final R value to 0.053 for non-zero re-
flections (0.058 for all reflections). 1In the refinement the function mini-i
mized was Ew(Fo~k]Fc|)2,vwhere W = 1,00 for all reflections. The atomic
scattering factors were taken from the values determined by Hanson and his

co-workers.g)

The final positional and anisotropic thermal parameters of non~hydro-.
gen atoms are listed in Table 4-2. The cordinates and isotropic temperaturei
factors of hydrogen atoms are listed in Table 4-3: The numbering of non-
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‘Table 4-2 Positional parameters of non-hydrogen atoms in TPP-TCP along

with their standard deviations in parentheses, and their aniso-

tropic thermal parameters (x 105), expressed of the form :

2

L4661 (5)

expl- (8, N 548k 4831548, k8, n1+8,5k1)].
Atom X y z BH Bro B33 812 B13 823
0 0.3831(2) 0.3841(1) 0.9618(3) 476 202 1655 12 77 60
C(1)  0.2826(3) 0.3723(2) 0.9807(4) 471 210 1409 =76 160 -179
c(2)  0.2089(3)  0.4100(2) 0.9053(4) 443 200 1461 =20 11 -45
C(3)  0.2366(3) 0.4616(2) 0.8153(4) 472 196 1321 ~16 33 =197
C(4)  0.3418(2) 0.4718(2)  0.8022(4) 425 186 1346 29 -18 =76
C(5)  0.4139(3)  0.4325(2) 0.8728(4) 515 182 1308 =63 137 =43
C(6)  0.2671(3)  0.3181(2) '1.0825(4) 510 196 1342 -64 6 -86
C(7)  0.3486(3)  0.2785(2) 1.1292(4) 647 234 1639 14 35 150
C(8)  0.3331(3) 0.2272(2) 1.2262(5) 755 269 2094 ~ 28 =51 133
C(9)  0.2375(3) 0.2152(2) 1.2788(5) 866 252 1863 -136 ~-106" 167
C(10)  0.1554(3)  0.2548(2) 1.2328(5) 693 286 2084 =232 139 58
C(11) ,0.1694(3)  0.3062(2) 1.1351(5) 564 247 1839 =64 35 129
C(12) 0.1590(3)  0.5048(2) 0.7371(4) 441 189 1477. =1 =70 =170
C(13)  0.0582(3) 0.5052(2) 0.7858(5) 492 260 2118 44 222 22
C(14) =-0.0143(3) = 0.5453(2) 0.7115(5) 485 ' 275 2689 77 143 =57
C(15) 0.0105(3) 0.5838(2) 0.5881(5) 584 230 2458 80 =363 <-133
C(16)  0.1091(3)  0.5828(2) 0.5387(5) = 726 265 2058 67 =225 211
C(17)  0.1833(3) 0.5437(2) 0.6125(5) 547 = 234 1752 . 51 97
C(18) 0.5257(2)  0.4360(2) 0.8651(4) 431 185 1354 5 141 -54
C(19)  0.5689(3)  0.4831(2) 0.7782(5) 555 249 1717 30 219 180
C(20)  0.6755(3)  0.4859(2)  0.7703(5) 585 282 1903 =91 472 100
C(21)  0.7376(3)  0.4415(2) _0.8477(5) 540 287 2080 88 235 161
C(22)  0.6959(3)  0.3953(2) 0.9359(5) 584 274 2403 194 72 162
C(23)  0.5904(3)  0.3921(2) 0.9462(5) 501 242 2076 89 107 183
C(24)  0.3866(3)  0.2438(2) 0.7116(4) 428 213 1610 -1 =9 =147
C(25) 0.4501(3)  0.2833(2) 0.6323(4) 406 221 1573 15 =22 =202
C(26)  0.4260(3)  0.3355(2) 0.5401(4) 394 231 1683 34 122 -117
C(27)  0.4289(3) 0.1928(2) 0.8027(5) 461 239 1796 =69 75 -76
C(28)  0.2785(3) 0.2507(2)  0.7078(5) 397 , 292 1844 -88 52 =75
C(29) 0.5052(3) 0.3679(2) O 541 244 2052 249 83
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hydrogene atoms.

Atom X N z B (ﬁz)
H(3) 0.130  0.400  0.913 1.8
H(5) 0.366  0.510  0.735 1.6
H(7) 0.424  0.287  1.089 = 1.9
H(8) 0.396  0.196  1.260 2.2
H(9) 0.226  0.176  1.353 1.9
H(10) = 0.081  0.245  1.275 2.2
_H(L1)  0.106  0.337  1.101 1.9
H(13)  0.038  0.475 0.883 1.9
H(14) -0.090  0.546  0.750 2.0
H(15) -0.047  0.614 . 0.531 2.3
H(16)  0.129  0.613  0.440  2.3°
H(17)  0.259  0.543  0.573 2.1
H(19)  0.520  0.517  0.715 2.3
H(20)  0.708  0.523  0.703 2.3
H(21)  0.819  0.443  0.840 2.1
H(22)  0.745  0.361 - 0.997 2.3
H(23)  0.558  0.355 1,016 2.1
H(25)  0.529  0.272  0.644 1.6

Each hydrogene atom is numbered as its number is the same as

that of the carbon atom attached.

deviations are G(x) = 0.002, o(y) = 0.001, and o(z) = 0.003,
and G(B) = 0.6 A
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Table 4-2  (continued)

Atom X y z Biv Baz Bz By By By
.C(30) - 0.3261(3) 0.3616(2) 0.5066(5) 515 231 1562 16 =37 -89
N(1) 0.4621(3) 0.1507(2) 0.8756(5) 649 283 2548 =30 68 230
N(2) 0.1913(3) 0.2563(2) 0.7064(5) 505 471 2924 =112 120 75
N(3) 0.5770(3)  0.3947(2) 0.4040(5) 723 341 3265 93 837 626
N(4) 0.2487(3) 0.3855(2) 0.4769(5) 602 342 2498 223 —219 -73
Table 4-3 The atomic coordinates and isotropic temperature factors for

The average estimated standard -



Fig. 4-2. 'Bond Tengths (A) and bond angles (°) in TPP-TCP salt.
hydrogen atoﬁs is already shown in Fig. 4-1.

Results and Discussion

Structure of TPP cation. The bond lengths and bond angles are given in

Fig. 4~2, The dimensions of the pyrylium ring, which contains 6T eléctrons
as well as benzene and pyridinium ring; have not yet been reported hitherto.
The pyrylium ring is almost planar with a maximum deviation of 0.015 A from
- the best plane (Table 4-4), The bond angle of oxygen is 122.5 (3)° and two
C-0 bond lengths are both 1.355 (4)&, which are slightly shorter than that

for a conjugated O-heterocyclic, furan (1.371 (5)&).10)

The bond lengths of
C(1)-C(2) and C(4)-C(5) are significantly shorter, however, those of C(2)-

C(3) and C(3)-C(4) are slightly.longer than the value accepted for benzene 5

\
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ring (1.397 A).

Three C-C bond lengths connecting the benzene rings with the pyrylium
ring (L1.456 (5), 1.472 (5) and 1.461 (5)A) are all expected values for sin-
gle bond between two sp2 hybridized carbon atoms. The considerably sméll
angles of 0-C(1)-C(6) and 0-C(5)-C(18), 113.6 (3) and 113.3 (3)° may be due
to the absence of a hydrogen atom bonded with the oxygen atom. Three benzeﬁe
rings are planar within experimental'érror, bﬁt tilt from the.plane of the }
pyrylium ring, tilt angle being 10.4, 18.0, and 2.3° for A, B, and C—rings,:
respectively. No unusual bond lengths and bond angles are found in them. :

Structure of TCP anion. TCP anion is also approximately planar, the max-

imum deviations from the least-spuares plane being 0.053 & (above) for N(2)'
‘and -0.051 A (below) for N(&). -;n the anion, however, two C-C(CN)2 groups
are respectively planar within 0.007 K, and they are both tilted by 1.3°

. from the best plane of the anion. The large bond angle of C(24)-C(25)-C(26),
129.6°, pgesuﬁably indicates a steric repulsion between C(CN)2 groups. The
conjugated 67C bonds between two sp2 carbon atoms, C(24)-C(25) = 1.388 (5)
and C(25)-C(26) = 1.379 CS)Z, are significantly shorter than the C-C bond
~associated with the CN group, average 1.41 A. The molecular orbital calcul%—

tion shows that the bond order for the former is 0.61, which is larger than?

that of 0.49 for the latter. This result is consistent with the observed
bond lengths. The average C=N bond length, 1.145 3, is in agreement with
those observed in other polycyanoacidlanions.7’ll’12’13’la>

~Crystal structure. The packings of cations and anions in the unit cell

viewed along the C and a axes are respectively shown in Figs. 4=3 and' 4-4.
Interionic atomic contacts less than 3.6 3 are given in Table 4-5.
The crystal structure conSists;ofparallel columns of infinite length

along the C axis in which the cations and anions stack alternately, as shown

in Fig. 4-4. The least-squares planeé of the cation and the anion are almost

-~ 58 -



Fig. 4-3. The crystal structure viewed along thé c a$<1's'..

The dotted lines show the presence of the hydrogen bonding. |

Fig. 4-4. The erystal structire of TPP-TCP viewed along the a axis.

The benzene ring-B in each TPP cation (shown in Fig. 4-4)

is omitted.
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Table 4-4 Least-squares planes and deviations of the atoms in TPP-TCP,
| Equation of the plane : AX + BY + CZ = D, where X = ax + czocoéB,
Y = by, Z = cz-cosB. |
(1) Best p]ahe'through TPP cation
‘ 0.0168X + 0.5961Y + 0.8027Z = 4.7142
0 -0.005 & c¢(1) 0.041 & c(2) 0.078% c(3) o0.013234
C(4) -0.052 c(5) -0.037 c(6)  0.058 c(7) 0.234
'C(8) 0.245 Cc(9) = 0.069 €(10) ~0.112 c(11) -0.119"
c(12) 0.010 c(13) -0.306 c(14) -0.306 c(15) 0.018
c(16) 0.338 c(17) 0.329 C(18) ~0.060 c(19) -0.086
C(20) -0.092 c(21) -0.055 c(22) -0.040 c(23) -0.049
(II) Best plane through pyrylium ring
-0.0205X + 0.5773Y + 0.8163Z = 4.3721 ‘
0 -0.002 & c(1) -0.012 &% c(2) 0.015&% c(3) -0.003 %
c(4) =0.011 c(5) 0.014 :
(III) " Best plane through benzene ring-A
0.1608X + 0.5625Y + 0.8110Z = 4.9282 %
c(6) 0.000 & ©(7) -0.003% c(8 0.003% c(9 -0.001 &
c(10) -0.001 c(11) 0.001 | o
(IV) Best plane through benzene ring-B i
0.2160X + 0.7150Y + 0.6649Z = 6.7314 L,
C(12) -0.000 & C(13) 0.005 A C(14) -0.004 A& JVC(lS) ~0.000 A
C(16) 0.004 C(17) -0.004 “ |
(V) Best plane through benzene ring-C
0.0196X + 0.5815Y + 0.8138Z = 4.648]1
C(18) 0.006 A~ C(19) 0.00L A C(20) =0.008 A 0.007 &

c(22) 0.001

c(23) -0.007

c(21)

I
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Table 4-4  (continued)

(VI) Best plane through TCP anion
0.0680X + 0.5773Y + 0.8138Z = 8.1201

C(24) -0.001 A C(25) -0.012 & C(26) -0.015 & C(27) -0.020 &
c(28) 0.036 c(29) 0.012 c(30) -0.024 N(1) =-0.020
N(2) 0.053 N(3)  0.042 N(4) -0.051

Table 4-5 Interionic atomic contacts (less than 3.6 K)

[+
Within an ion-pair (4).

C(26)++-C(5) 3.472(5) €(27)-:+C(7) 3.504(5)
C(28)+++C(6)  3.450(5) C(30)++-C(4) 3.400(5)
N(2)++++C(1) 3.512(5) N(2)++*-C(6) . 3.468(5)
N(4)-+C(4) 3.417(5) N(4)-+++C(12) 3.588(5)

Between ion=-pairs (K).
N(4) 1o +C11)? 3.401(5)
Between anions (&).
c(25)!--N(2)* 3.265(5)
Between cations (A). -
C(5) e+ c(19)? 3.411(5)  C(3)%...C(21)° 3.480(5)
Between non-overlapping anion and cation 4.

N@)eeC()?® 3.579(5)  N(3)'ee+c(7)® 3.520(6)

N()Pe.c(2)t 3.457(¢5)  N(@)'erc(1l)® 3.446(5)
N(@)*'e+-C(21)° 3.517(6)  N(4)'-++c(15)7 3.439(6)

Codes for superscripts

1 ' 2

X, Y 2, X, y, ~l+z, 3

C(28)++-C(1) - 3.449(5)
Cc(30)***C(5) 3.511(5)

N(4)+++<C(3) 3.267(5)

0! +eveeC(19)2 3.480(5)

N(3)Lee-c(19)3 3.438(6)
N(3)1eseC(9)® 3.446(6)

1-x, 1/2-9, 1-z,

Y 1/24x,1/2-y, z, = ° 1/2x,1/2-y, -1+z, © -1/24x, 1/2-y, z,

7 &, l-y, l-z, )
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parallel to the é»axis, and the former inclined to the C axis by 53.0° and
the 1a£ter 53.7°, the dihedral angle between them being 3.2°. In the column,
although the TCP anion is sandwitched by TPP cations and vice versa, the :
ICP anion has larger overlap and closer contact with,ene of the cation thapi
the other. Therefore, TCP anion and TPP cation can be considered to form
an "ion-pair" in the crystal as a stacking unit. | gJ} j
The relative arrangement between the cation and the anioﬁ:in the col{‘
umn is shown in Fig. 4-5. In the ion-pair the anion overlaps mainlj with - |
the pyrylium ring of the cation. The average interplanar Spaeing between
the best planes of the anion and the pyrylium ring is 3.31 Z; and the
closesﬁ atomic contact is N(4)-+:C(3), 3.267 (5)&. These are slightly
shorter than the corresponding van der Waals distances. In addition to the%_
alternate arrangement and the close contact of two components characteristi%
in orgaﬁic C? complexee, the overlap between the highest occupied molecular

orbital of the anion and the lowest vacant molecular orbital of the cation

can be considered as a measure of the CT interaction. The shﬁpesfof these
i

$¢

orbitals, charge distributions and bond orders were calculated By Huckel M.

0. method using‘&-technique,ls) which are given in Fig. 4-6. However, the

shapes of calculated orbitals can not explain well the observed overlapping .
between the caeion.and the anion in terms of the interionic CT interaction.%»
Furthermore, in Fig. 4-5 the coincident overlaps between atoms are only
slightly oBserved. These facts do not indicate aﬁ appreciable contribueion
of CT force on the relative arrangement of the cation and the anion.

Fig. 4-6(b) shows that the negative charge in the anion is signifi-
cantly distributed on four nitrogen atoms, whereas the positive charge in
the cation is localized at t@e oxygen and neighboring carbon atcms iﬁ the

pyrylium ring. The observed overlap of the cation with the anion in which

the oxygen atom of the cation is‘ldcated approximetely above the center of .
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F.g. 4-5. The relative arrangement between the cation and the anion in:

the column.

Fig. 4-6.(a‘).. , 8 ,

- Fig. 4-6(a). The shapes of the lowest

vacant molecular orbital of TPP catmon

and the highest occupied molecular orb:.tal of TCP anion calculated by Huckel
M. O. method using w-technique. : '

Fig. 4-6(b). The charge distributions (shown in the right half of the molecule)
and the bond orders (shown in the left half of the molecule) calculated by

* Huckel M. 0. method using'w—teéhnique. ‘
The parameters were assumed as folloyé: the resonance integrals are 0.980-
for C-0 bond, and 1.28o fo?'C#N bond, and the Coulombic integrals are
o+ 2.580 for O atom and o, + ,l.OBo_for N atom, and w = 1.4,
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the anion, therefore, can be explained mainly by the electrostatic inter-
action.

A short atomic contact between the C(25) atom of a TCP anion and the
N(2) atom of the adjacent TCP anion along the a axis, which is shown by a
dotted line in Fig. 4-3, indicates an existence of strong interaction like
hydrogen bond between anions in the neighboring columns. The C(25)---N(2)“;
and H(éS)---N(Z)“ distances and C(25)-H(25)-..N(2)" angle are 3.265 (5) and;
'2.185 (5)& and 170°, respectively. The C~H**°*N hydrogen bond has.been ob-
served scarecely, however, in the present case, this type of short atomic
contact is present, which is probably caused by the activation of H(éS) atop
by four electron-withdrawing cyano groups. The relative arrangement of the
anion.seems to be affected by this interaction. )

The tilt angles of three 5enzene rings from the pyrylium ring may be?
affected by the degree of the overlap with TCP anion. The C-ring, with
least tiit.angle, overlaps with the anion in the ion-pair where the inter-
planar spacing is fairly short. However, the contact between the A—iing and
the anion is in van der Waals distance, which may restrict the free rotatiog'
of benzene ring slightl; (Fig. 4-5). On the other hand, little overlap
observed between the B-ring and the anion allows the rotation of the B—ringi

The polarized absorptiogagﬁéctrum of a single crystai of this salt
is given in Fig. 4~7. The optical density of the absorption band at 535 nm;
which is usually assigned as interionic CT band, is about 1.65 times higher
in thg C-polarization spectrum than the other. Assuming that the direction
of the transition moment is perpendicular to the planes of the anion and the
cation, which is inclined to éhe C axis by ca. 37°, the ratio .of two com~
ponents of the dipole moment parallel and perpendicular to the C axis is

given by cos37°/cos53° (=1.32). The dichroism ration, therefore, is (cos37°

/00353°)2, 1.74. This value approximately agrees with the observed dichro-.
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450 500 550 600
Wavelength (nm)

Fig. 4-7'.' Polarized absorption spectra of TPP-TCP salt.

ism ratio. Thus the polarized absorption spectrum can be explained well in

terms of the crystal structure.

4-2  CRYSTAL STRUCTURE OF TPT-TCP SALT

Experimental

7z

TPT-TCP salt, fecrystallized from a methanol solutibn, forms dark-red,
needle crystals. The crystal system and appropriate cell parameters were
determined from Oscillation dnd Weissenberg photdgraphs. The céll constants
were determined precisely using a éiffractometer; The crystallographic‘daté

‘are as follows. d

Crystal data. [(C23H17S)+- (c7HN4)'“], F.W. = 466.6, monoclinic, 3 = 17.838,
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b=17.762, ¢ = 17.225 X, B =93.06°, Z= 4; Dm = 1.39 g'cmfz(CCla-C6H6),
Dx = 1.41 g-cm—3, space group: P21/a; absent spectra: h0l; h + 1 # 2a,
0k0; k # 2n.

Intensity data were collected from a crystal of dimensions, 0.51 x
0.22 x 0.10 mm, on a Rigaku four~cycle diffractometer, psing Nickel-filtered‘
Cu—Kdl radiation. The monoclinic.b axis of the crystal was set parallel to
the Y axis of the diffractometer. Integrated intensities were measured by
the W scan method, with a scanning speed of 2° per min. The scan width for
each reflection was 3,0°., The back-ground was measured for 5 seconds at
each end of the scan range. 2989 independent reflections with 20 < 110°
were obtained andwere corrected for Lorentz and polarization factors, but

no absorption correction was made (U = 21.8 cmf3).

Structure Determination and Refinement

The structure was solved by the heavy atom method. Two sets of the
coordinates of a sulfur atom in an asyﬁmetrical unit were satisfied with
a sharpened Patterson map. On the basis of one set of the coordinates,
several atoms around sulfur atom were found in a successive Fourier map.
All non-hydrogen atoms were sorted out from the third Fourier map. Four
cycles of isotropic least—sQuares.refinement with a block diagonal program
FBLS reduced the R value to 17.0 %. The successive refinement using
ahisotfopic temperaﬁure factors with all atoms reduced the R vyalue to 14.0 Z.
The function minimized was Zw(Fo --]Fc[)z. In the early stages of refinement,
the Weight; w; was assigned_té 1.0 for all the observed reflectioms.
‘ Further refinements did mnot improve the R value. This may be due
to a disotder in the crystal. At this S;ége, all the bond lengths were

. . . : 2 2
reasonable except for those in the thiopyrylium ring. That is, the cSP_¢®P
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conjugated double bond lengths in the thiopyrylium ring were extraordinary
longer than the e%pected value. Moreover; the Bll; 82f and 833 components
of the anisotropic temperature factors of sulfur atom were fairly large,
while these values of C(2) and C(4) were unusually small, as compared with
the other atoms. Especially, 622 and 333 of C(4) were negative. These
anbmalieé.suggested that there eiist some sort of disorder regarding with
the thiopyrylium ring. The sulfur atom in the crystal may locate mainly
the S site determined above, but may also locate partially at the C(Z) and

C(4) sites with less probabilities. The distribution of the sulfur atom

that the anomalous temperature factors of S, C(2), C(4) atoms bcould be
improved. These calculation showed that the probabilities of the sulfur
atom at S, C(2), and C(4) sites were 0.6, 0.1 and O.3,réspectively. That
Ais, at the S-site the cabon atom may also be present with the probability
of 0.4, and consequently the océupancy' with respect to sulfuf atom m;y be
0.75. The occupancies at C(2), and C(4) sites will be 1.167 and 1;50 with
respect to carbon atom, respectively. Assumed that the other atoﬁs were .,
fixed at corresponding sites, the refiﬁement was continued on the basis
of'these new occupancies. This refinement reduced the R value to 12.0 %.
In §rder té proceed the further refinement, 3 cycles of the full
matrix least-squares refinement were carried out,_and reduced the value
;to 9.8 Z. The weights for the reflections wére : Yw = 1.0 for 0< Fo< 25
, Vw=25/Fo for Fo > 25. |
The difference Fourier synthesis calculated at this stage revealed
the positions 6f the hydrogen étoms eicept for those in thiopyrylium ring.
The further refinement . including hydrogen atoms gave the final.R value.

-
7.3 %Z for non-zero reflections.
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Table 4-6. Positional parameters_of non-hydrogen atoms in TPT-TCP salt

along with their standard deviations in parentheses, and their

anisotropic thermal parameters (x 105), expressed of the form :

eXpE-(B]]h2+822k2+83312+312hk+6]3h1+823k1)].
Atom X y z Bi1 Bpp Bz By Byz Bys
S 0.5792(1) 0.2674(3) 0.5550(1) 394 2565 481 -165 =38 =270
c(1) 0.5259(3)  0.2846(7) .0.4764(3) 354 1302 308 115 0 =192
c(2) 0.5417(2) 0.3458(5) 0.3986(2) 327 1038 321 =193 434 - -93
c(3) 0.6223(3) 0.3971(7) 0.3915(3) . 323 1493 338 147 62 =266
C(4) 0.6916(2) 0.3858(4) 0.4509(2) 432 1116 165 125 =163 61
c(5) 0.6625(3) 0.3284(7) 0.5309(3) 314 1261 367 ~74 49 =225
C(6) 0.4467(3) 0.2277(6) 0.4889(3) 349 1470 325 67 29 =290
c(7) 0.4277(3) 0.1521(7) 0.5581(3) 447 1978 345 -92 169 135
"C(8) 0.3537(3) ‘0.0982(7) 0.5664(3) 476 2332 504 ~172 359 38
c(9) 0.2994(3) - 0.1184(7) 0.5074(3) 398 1874 636 ~-105 187 =213
C(10) 0.3179(3) 0.1936(7) 0.4378(3) 373 2374 568 -179 8 -~223
Cc(1l) 0.3910(3) 0.2495(7) 0.4279(3) 382 2129 420 =252 -58 =59
c(12) 0.4625(2) 0.4598(6) 0.3147(3) 269 1680 389 100 83 -123
Cc(13) 0.6045(3) 0.3989(7) 0.2474(3) 317 2095 365 64 3 78
C(14) 0.6237(3) 0.4572(7) 0.1745(3) 414 2340 398 285 150 =15
C(15)~ 0.6800(3) 0.5800(8) 0.1674(3) 426 2723 462 230 274 159
C(16) 0;7173(3) 0.6404(8) 0.2355(3) 515 2665 504 =547 333 122
c(17) 0.6993(3) 0.5817(7) 0.3081(3) 393 1914 496 = =315 133 96
c(18) 0.7217(2) 0.3190(6) 0.5944(2) 311 1743 303 105 2 =117
C(19) 0.7846(3)" 0.4245(7) 0.5911(3) 312 2135 429 <151 12 =75
C(20) ' 0.8411(3) 0.4149(8) 0.6498(3) 358 2803 464 <136 -64 46

‘ c(21) 0.8351(3)  0.3014(8) 0.7107(3) 475 2676 437 92 =143 77

C(22) 0.7728(3) 0.1952(8) _0:7146(3) 522 2494 416 -87 ~51 194
C(23) 0.7144(3) 0.2041(72' 0.6568(3) 434 2017 345 16 =32 19
Cc(24) 0.4644(3) 0.1033(7) 0.8642(3) 304 2560 396 266 -23 13
C(25) ' 0.5028(3) 0.2349(7) 0.9035(3) 298 2108 456 345 - -13 -143
C(26) 0.5512(3) 0.3580(7) 0.8752(3) 378 2381 323 233 =32 =426
c(27) 0.4128(3) -0.0019(8) 0.9037(3) 399 2613 581 245 46 =532
C(28)  0.4755(3) 0.0542(8) 0.7863(3) 448 2681 355 33 -186 |
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Table 4-6  (continued)

Ator X y g Bi1 Baa Bz Bip Byz By
C(29)  0.5876(3) 0.4739(8)  0.9288(3) 459 2619 362 235 89 29
C(30)  0.5623(3) 0.3859(7) 0.7953(3) 385 2439 347 221 107 =224
N(1) 0.3700(3) -0.0811(7) 0.9357(3) 552 3307 797 =418 470 =812
N(2)  0.4873(3) 0.0062(7) 0.7252(3) 856 3397 364 -182 -122 -269
N(3)  0.6158(3) 0.5665(7) 0.9734(3) 658 3349 442 =559 6 -546
N(4)  0.5702(3) 0.4168(7) 0.7315(2) 548 3470 400 148 123 -162

Table 4-7 The atomic coordinates and isotropic temperature factors for

hydrogen atoms in TPT-TCP salt.

Atom X y z B (32)
H(7) 0.474  0.120  0.602 4.4
H(8) 0.346  0.045  0.623 4.8
H(9) 0.245  0.074 , 0.513 5.1
H(L0)  0.280  0.208  0.386 4.7
H(11)  0.410  0.316  0.375 5.1
H(13)  0.560  0.307  0.254 3.8
. H(14)  0.595  0.397  0.123 3.6
H(15)  0.689  0.609  0.108 3.4
H(16)  0.756  0.749  0.231 7.2
H(17)  0.731  0.626  0.360 4.5
H(19)  0.788  0.516  0.544 . 4.2 |
H(20)  0.884  0.494  0.639 6.1 N
H(21)  0.874  0.287  0.754 6.7
H(22)  0.765  0.118  0.767 4.2
H(23)  0.665  0.128  0.666 4.3
H(25)  0.510 ~0.759  0.035 3.1

Each hydrogen atom is numbered as its mumber is the saine as that
of the carbon atom attached. H(3) and H(5) atoms could not be

’found_ irom the d;;fference Fourier synthesis. The average e.s.d.
are 0(x) = 0.003, 0(y) = 0.007, and 9(z) = 0.003, and 0(B) = 1.3 &2
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Tables 4-6, 7 give final atomic parameters. The scattering factors were
taken from the values determined by Hanson and his co—workers.g) The

dispersion correction form Af' for the sulfur scattering factor was taken

from Tnternational Tables for X-Ray Crystallography.lG)

Results and Discussion

s

Molecular Structure. The bond lengths and the bond angles in TPT-TCP salt

are shown in Fig. 4-8. As mentioned above, thiopyrylium ring in TPT-TCP
cation has extraordinary dimensions, due to the disorder of TPT cation in a
crystal. This ring, however, seems to be roughly planar with a maximum
sfandard deviation of 0.038 R, as shown in Table 4-8. All three substituenﬁ.
benzene>rings are planar within experimental error, and no unusual bond
lengths and bond angles are observed in them. Three phenyl gréups tilt to

the thiopyrylium ring considerably, the tilt angles being 6.6, 31.8, and 25.4°,

-

!
15.8{124,6 124.3/116.8

sy

Fig. 4-8. Bond Tengths (A and-bond angles (°) in TPT-TCP salt.

=70 -



- for A, B,.and C benzene rings, respectively.

Two dicyanomethylene groups,vC(CN)2 in TCP anion are both approxi-
mately planar as shown in Table 4—8; but these two planes are twisted by
17.8°, indicating that the anion in TPT-TCP salt is not planar. The boﬁd
lengths and bond angles of TCP anion in TPT-TICP are in good agreement with
the corresponding values in TPP-TCP salt.

Crystal structure. The packings of TPT-TCP salt in a unit cell viewed

along b, ¢, and a axes are depicted in Figs. 4-9, 4-10 and 4-11, respectiveiy.
The crystal structure of thé thiopyrylium salt is quite different from

that of the pyrylium salt. The structure of TPT-TCP salt is built up from
infinite columns in which the samé ions are stacked; ?Pdependently. TPT

cations are stacked approximately parallel to the b~plane, forming an

infinite column along the b axis. In the column, thiopyrylium ring in one

a
TPT®" _ -
cation L TCP'anion
.‘h<
>
<
< : ,
~TPT%cation
0

¢ axis

‘Fig. 4-9. The crystal structure of TPT-TCP uiewed'along the b_aiis;
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a axis
Fig. 4-10. .The crystal structure of TPT-TCP viewed along the ¢ axis.

b axis

Fig. 4-11. The crystal structire 6f TPT-TCP viewed along the a axis

TPT cation overlaps with the benzene ring-A in other TPT cétion, and vice
‘versa. Since in a TPT cation; the tilt angle between the thiopyrylium ringi
and the benzene ring-A is only 6.6°, these two planes can be considered t:o‘i |
lie roughly on a plane: The interplanar spacings of the least-squares
planes involvi.n‘g thiopyrylium ring.and the A—ringkare °alternately'3ﬂ.6 and

S o A . . . '
3.8 A, and the shortest interionic atomic diatance between two cations ‘



| 'Tablé 4-8 Least-squares planes and deviations of the atoms in TPT-TCP salt.

Equation of the plane : AX + BY + CZ = D, where X = ax + cz-sinB,

Y = by, z = cz-cosf.

(I) Best plane through thiopyrylium ring
-0.213X + 0.942Y + 0.260Z = 2.326

o

S -0.010 & c(1) 0.028 c(2)  0.003
c(3) =0.032 c(4)  0.038 c(5) -0.026

o

(II) Best plane through benzene ring-A
-0.246X + 0.900Y + 0.361Z = 2.774

o .
»o

c(6) 0.001 A c(7) 0.000 c(8) ~-0.001
c(9) -0.001 c(10)  0.003 c(11) =-0.003

(III) Best plane through benzene ring-B
0.677X - 0.734Y - 0.055Z = 4.649

c(12) -0.001 & c(13)  0.006 & C(14) =0.007 A
C(15)  0.004 C(16)  0.000 c(17) =-0.002
(IV) Best plane through behzene ring-C
~0.484X + 0.707Y + 0.516Z = 1.070
) c(18)  0.005 &  c¢@9) 0.00: & c(20) -0.004 &
C(21) =-0.001 C(22)  0.00" c(23) =-0.008
(V) Best plane through C(CN)2 group - -olving C(24) atom
0.734X - 0.584Y + 0.347Z = 3.680
C(24) 0.014 & c(27) 0.008 &  c(28) -0.031 &

N(1) -0.006 N(2)  0.016

(VI) Best plane through C(CN)2 grouﬁ involving C(26) atom
0.814X - 0.579Y + 0.048Z = 3.635

p>o

c(26) " -0.011 & C(29) - 0.003 &  C(30) 0.020
N(3) -0.001 N(4) -0.011
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w .
) b

is 3.463(8) A for c(8) - c(17). These results suggest that £§$$.0yerlap
is in van der Waals contact;

On‘the other hand, the packing of the anion is aléo very strange.
'One TCP anion has close contacts with other TCP anion related by a sym-
metrical center. The shortest atomic distance between two anions is 3.439
(7) A for €(25) - N(3), and no other close atomic contact less than 3.7 A
is found between any two anions, indicating that these two anions make a pair
in a crystal. This pair is packed in the spaces among the cation coiumns.
The ideal plane of TCP anioﬁ makes angles of 52, 36, and 10° with the @, b,
and C axes, respectively. Therefore, the pairs of two anions which are
approximately parallel to the C-plane, are sfacked and form an endless
column along the b axis, as shown in Fig. 4-11.

The relativé_arrangement between the cation and the anion is compleg.‘
In Fig. 4-9 TPT!cation has close contacts with TCP'anion. This anion tilts
to the thiopyrylium ring of the cation by ca. 48°. Sulfur atom in the
thiopyrylium ring is located between two cyanogroups, C(28)-N(2) and C(3Q)-:
1N(A); in anion. The shortest atomic distances between the cation and the ‘
anion are 3.223 (8) & for N(2) - C(7) and 3.266 (7) A for N(4) - S, which are
slightly shorter than the corresponding van der Waals distances. Since
between N(2) - C(7), the hydrogen atom, H(7), is present and Ne+*H distance;
2.293 2, is significantly shorter the van der Waals diétance, a weak inter-.
action like hydrogen bong might ﬁarticipate in the close contact. According
to the results on molecular orbital calculations using W-technique, a
considerable amount of a positjive charge of the cation is localized at sulfur .
atom in the thiopyrylium ring, Qhereas a negative charge of TCP anion distriﬂ
tributes mainly at four nitrogen atoms. Between N{(4) - S; therefore;:may be

present the specific interaction, which is perhaps electrostatic force.

By -contrast, the overlaps between m-6rbitals of twd compoﬁent ions are
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little observed.

The relatively weak contact are observed between TCP'anion and the
benzene ring-B in TPT cation as shown in Fig. 4-9., However; the shortest
interionic atomic distance; 3.46 K, indicates that this overlap is usual
van der Waais contacts. The large tilt angle of benzene ring-B from
thiopyrylium ring may be caused by this overlap. On the contrary, the
approximate coplanarity of benzene ring—A with thiopyrylium cation ring is
probably maintained by the overlaps between two cations. The tilt angle
of benzene ring-C from thlopyryllum ring, about 25°, seems to be nearly in
a stable configuration, because the crystal packing did not restrict the
rotation of this benzene ring so much.

Unfortunately the author could not find the reason whyj?PT-TCP salt“
has such a strange structure. The specific interaction between N(é) - 8
might affect this structure. However, it can be concluded that the CT
interaction has little influence on the crystal structure of TPT-TCP salt.

The presence of. the interionic CT interaction in this crystal is
demonstrated by its polarized absorption spectrum as shown in Fig. 4-12.

-

Both locally excited band of the cation around 450 nm and avCT absorption. ;
band around 540 nm show a remarked dichroism, that is, the optical densities
of two absorption bands are both larger in the parpendicular direction than
in the parallel difecoion to the b axis. Since the transition moment of thev
LE band of the cation is within the plane of thiopyrylium rfﬁg whﬁch inclines
to the b axis by about 70°, the component of the dipole monentﬁﬁerpendiculaf
to the b akis may be fairly larger than the parallel component, as shown in
Fig. 4-12, On the other hand“/it is fairly difficult to specify the direc~

of the CT transition moment in a crystal because of the compllcated relative

arrangement between the cation and the anion. Assumed that the direction
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Fﬂig‘.‘ 4-12. Polarized absorption spectra of TPT-TCP salt.

of the CT transition moment is approximately coincident with that from sulfur
atom in TPT cation to a cyano group C(30)-N(4) in TCP anion, the dipole
moment would incline to the b axis by about 30 - 35°. This angle could

explain the observed dichroism of the CT absorption band.

Summary

The grystal structures of two organic CT salts, 2,4,6:§riphenyl—‘
pyrylium—l;l;3;3;tetracyanopropenide (TPP-TCP) and 2,4,6-tri§ﬁepyithioé
pyrylium—l;l;3;3—tetracyanopropenide (TPT-TCP) were determined by means
ofbx—ray diffraétion method. In the';ase of TPP-TCP salt; the cation and
the anion are nearly planar;‘ and form an ionnpair; and the crystal is
built up from infinite columns stacked by these ion;pairs aloné the needle, the |
c a%is. By contrast; in the case of TPI-TCP salt? the cation and the anion -

do not form an ion-pair. - The crystal is constructed by infinite columns in .
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which the same ions are stacked, independently, along the needle, the b axis.
Therefore, it can be concluded that an élternafing face-to-face afrangement
between donor and acceptor characteristic in ordinary molecular CT complexes
is not in general in organic CT salts. MoreOVer; it has been emphasized
that the crystal structure of organic CT salt has been influenced by

electrostatic force rather than CT interaction between two component ions.
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PART II

PHOTOPHYSICAL PROCESSES IN PHOTOCONDUCTIVE POLYMERS

HAVING LARGE w-ELECTRON CONJUGATED SYSTEMS

INTRODUCTION

vThe photoconductive polymer is one of the most important material
groups among the organic ;émiconductors. These polymers have been expected
as méterials for elecfrophotography, owing to the ability of photoconductive
film formation, and many studies on the electric properties of the polymers
have been reported, hitherto.l)

Among these polymers, the aromatic vinyl-polymers having large T-
electron conjugated system as a side chain ére most attractive ones,in view
of their m-electron system which may be favorable to the photocarrier gene-

0y

ration and its migration. Actually, it is well-known that poly-N-vinyl-

. s . . 2
carbazole is utilized as a photoconductive material for electrophotography. )
When a molecule having T~electron conjugated system is photo-excited

in its electronic absorption region, at first the singlet excited state is

. commonly produced, and then the triplet excited state is followed_frdm a part:

3

of the singlet excited state by intersystemcrossing. The photocarriers

in these polymers are so far considered to be generated from the singlet

\ 2
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L e : 6)
excited state migrating in the solid film of polymer,l’q’s’ )

In Part II of this thesié, the author investigated the behaviors
of the photo-excited states of the photoconductive vinylpolymers having
large melectron system, by means of fluorescence and phosphorescence
spectroscopies, as a fundamental research to understand the mechanism of
thebphotocarrier generation in this kind of polymers. Aromatic vinylpolymers
exhibit several kinds of the characteristic dual luminescence from these
ﬁhoto-excited states, together with normal fluorescence and phosphorescence.
From the singlet excited state, an excimer fluorescence is fournd due to
the formation éf excited singlet dimer.7) The excimer fluorescence may be
closely related to the photoconduction in the polymers, because the excimer
forming site may act as an energy trap for the migration of singlet excited

state.8’9)

Chapter 1 of this part, therefore, will deal with the excimer
formation in the vinylpolymers having large m-electron conjugated system.
By contrast, little éttention has been paid to the contribution of the
triplet excited state to the photoconduction in these polymers. In poly-—
vinylﬁaphthalene, a delayed fluorescence produced by triplet - triplet
annihilation was observed at 77°K, which demonstrated tﬁe migration of

10,11,12,13)

the triplet excited state along the polymer chain. Therefore,

the behavior of the triplet excited state in one of the most photoconductive

polymer, PVCz, have been investigated in Chapter 2 of this part.
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Chapter 1

EXCIMER FORMATION IN POLYMERS

Introduction

Excimer fluorescence is an emission from the singlet excited dimer
which is stabilized by the interaction between an electronically excited
chromophore and an identical nearb& chromophore in its ground state.
Aromatic vinylpolymers such as polystyrene,l’z) and polyvinylnaﬁhthalene,3’
4,5,6) show excimer fluoreécence in addition to the ordinary moncmer
fluorescence. In aromatic polymers having photoconductivity, the excimer
formation may play an important role in the photocarrier generation,
because it acts as an energy trap for.the singlet excited state.7’8) The
excimer fluorescence may give some significant informations about the
behavior of the singlet excited state in polymers. Moreover, it is
interesting to elucidate fhe excimer formation of these polymers in relation
to molecular motion or conformation of the polymer chain in solution.g)

However, the mechanism of the excimer formation in polymer systems
does not seem to be clarified well. Especially, it is fairly difficult. to
decide whether the excimer formation in dilute polymer solution occurs
between two neighboring chromophores at a distance of three carbon atoms
of the main chain, or between two chromophores in far distant positions in
the same polymer chain. Therefore, this problem is particularly important

in order to understand the behavior of the singlet excited state in polymers.
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' In this chapter, the author reports the new observations of excimer
fluorescences of several photoconductive aromatic vinylpolymers having
large M-electron systems. The author also discusses the exciner forming
site of these polymers in solution using following three methods ; (i)
the fluorescence study on the corresponding model compounds of the polymers
in concentrated solution, (ii) the fluorescence study on the copolymers
including 1:1 alternating copolymers in which each chroﬁophore is not at
neighboring positions, (iii) the study of the solvent effect on ﬁhe‘

excimer fluorescence.

Experimental

‘Materials. The samples of poly-l-vinylpyrene (PVPy)lO), poly-l-pyrenyl-

12), and N-vinyl-

methylvinylether (PPMVE)ll)} poly-9~vinylacridine (PVAc)
carbazole - fumaronitrile (1:1) alternating copolymer (PVCz/FN)l3) were
prepared in the author's laboratory. Polt-N-vinylcarbazole (PVCz) was
obtained by radical polymerization using 2,2'-azobisisobutyronitrile (AIBN)
as an initiator

Alternating copolymer of l-vinylpyrene and maleic-anhydride was
prepared by radical copolymerization. Equimolar amounts of vinylpyrene and
maleic-anhydride in benzene solution containing 1 mol% AIBN were polymerized
for an hour at 80°C. Polymer was isolated by pouring the reaction mixture
into a large excess of dry petroleum ether, and the precipitate was collected
and washed with dry ether. Polymer was purified three times by reprecipita-
tion from tetrahydrofuran (THF) - petroleum ether. This polymer was identi-
fied to be l-vinylpyrene - maleic-anhydride (1:1) alternating copolymer (
PVPy/MAh) by the results of eleméntal‘énalysis and its IR spectfum.

Elemental analysis shows C:79.55, H:4.54 %, which agree with the calculated
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values for 1:1 copolymer (C:80.9, H:4.3 %). The IR spectrum of this co-
| polymer exhibits the relatively strong absorption bands at 1770 andleZO cma%
‘due to succinic acid anhydride and at 720, and 840 cm_l due t%apyrene ring,
ad the charactreristic absorption of vinyl group in l;vinylpfréqggéisappearsA
explicitly in polymer. The identification of the alternating l:1 copolymer
was also confirméd by the fact that 1l:1 copolymer was obtained even Wheq

the ratio of monomer feed was changed. The molecular weight of the

copolymer thus obtained is about 1700, corresponding to the pentamer.

The random copolymer of l-vinylpyrene and N-vinylcarbazole was
prepared with AIBN.or BFB-etherate catalyst in toluemne at room temperature.
The polymer composition was determined by the elemental analysis.

All polymers were purified by reprecipitatioﬁ at least three times.
N-ethylcarbazole (EtCz), l-ethylpyrene (EtPy), and 9-ethylacridine (EtAc)
were prepared in the author's laboratory. The solvents used were purified
by ordinary method.

Measurements. Emission spéectra were measured with a Hitachi MPF model

3 spectrophotofluorometer, equipped with a xenon arc source‘and an R-446
photomultiplier~tube. Spectra were uhcorrected for either source output-
or detector response. Lifetime measurements were carried out by pulse’
method with excitation of N gas laser (excitation; 337 nm, 5 nsec

2
" half-width).

Results

PVCz and its related compounds.

PVCz. The fluorescence spectra of PVCz in 2MTHF-THF solution at various

temperatures are shown in Fig. 1-1. These spectra are identical with those

14)

reported in the literature. In fluid solution, PVCz shows both excimer
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4 CHZ-IEP!“ >

330 400 460 nm
Fig. 1-1. . Emission spectra of poly-
vinylcarbazole 8x10™% mol/1 solution
in MTHF-THF, A; 300°K, B; 195°K, C;
77°K.
.fluorescence around 420 nm and monomer fluorescence at 360 nm. At 77°K,
only monomer fluorescence is observed, and excimer emission have no appreci-
able intensity. This is due to the immobility of carbazyl groupé in rigid
solution at 77°K. The lifetimes of the excimer fluorescence and monomer

fluorescence are about 40 and 20 nsec, respectively.

VCz-FN alternating copolymer. As shown in Fig. 1-2, the alternating co--
polyme; of VCz-FN shows no éxcimer fluorescence, contrary to PVCz. This
fact was confirmed by the lifetime measurements (Fig. 1-2). The fluores-
‘cence of the copolymer has an exponential decay with the lifetime of about
25 nsec not only at 350 nm but also at 420 nm, and indicates the absence of

©

emission with longer lifetime.

‘EtCz. EtCz shows no excimer fluorescence even in concentrated solution.
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Fig. 1-2. Fluorescence spectra and fluorescence decays of

VCz-FN alternation copolymer in 2MTHF-THF solution.
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Fig..- 1;3‘.‘ Fluorescence spectra and fluorescence decays of

N-ethylcarbazole.
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The fluorescence spectra of EtCz in sqlution and in the solid state are given
in Fig. 1-3, together with the flﬁorescence decay in 3 mol/l solution. The
disappearance of the shorter wavelength part of the‘mo“?@er fluorescence in
concentrated solution and in the solid state is due to the reabsorption of
the fluorescence. The lifetime of the fluorescence in 3 mol/l solution is
constant (25 msec) in the region of 370 - 430 nm, This result also supports

the spectral observation of the absence of excimer fluorescence in EtCz.

‘PVPvy and its related compounds.

éygz. The flucrescence spectra of PVPy in dilute solution at various.
temperatures are depicted in Fig.l-4. At room temperature, only a structure-
less broad emission band was observed around 480 nm, having the lifetime of
160 nsec. This emission is assigned to the ekcimer fluorescence of PVPy.

The monomer fluorescence of pyrene was not observed in fluid solution, but
observed in rigid solution.at 77°K. When cyclohexane, a poor solvent for

\

the polymer, was added into the THF solution of PVPy, the excimer emission

- CHy=CH -

A A 1

500 nm

Fig. 1-4. Emission spectfa* of poly- -
3-vinylpyrene gx1074 mol/1 solution
in MTHF-THF. A; 300°K, B;. 195°K,
C; 77°K.
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Fig. 1-5, Em1ss1on spectra of po1y 1 pyreny]methyIV1ny1ether
8 x 10° -4 mol/1 solution in 2MTHF-THF.

shows no appreciable change.

PPMVE. As shown in Fig. l-é:mmPPMVE shows not only excimer fluorescence
but also monomer fluorescence in the region of 400 nm in fluid solution.

The excimer fluorescence had the life;ime of 66 nsecwhich is much shorter
than that of PVPy. In the case of PPMVE, the excimer emission band decreases
gradually in intensity with increasing of the monomer emission band as the
temperature gets lower, and finally in rigid solution at 77°K, excimef fluo-
rescence shows no appreciable iqtensity. Since in this polymer the pyrenyl

grougs are not connected directly to the skeltal chain of the polymer,‘the

excimer formation is more difficult than in PVPy. The solvent effect on the

fluorescence was also not observed in this polymer.

‘VPy~MAh "alternating copolymer. The fluorescence spectra of PVPy/MAh in

l()_'3 mol/l 2MTHF-THF solution at various temperatures are depicted in Fig.
1-6. 1In the spectrum at room temperature, the excimer fluorescence has ap-
proximately the same intensity with that of the monomer fluorescence. This is

 in sharp contrdst with the observation in VCz alternating copolymer. The
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lifetime of the excimer band in PVPy/MAh is 150 nsec, which is quitely
same with that of PVPy. The fluorescence band of this copolymer does mot
show significant temperature dependence in the region of 300°K - 200°g, but
in rigid solution at 77°K ekcimer fluorescence exhibits no intensity. The
va;iation of the concentration between lO_2 - lO—smol/l gave no change in
the fluorescence spectrum, which indicates that the excimer formation is

due to the intrachain interaction of two chromophores. Fig. 1-7 shows the
fluorescence specéra of this copolymer in various compositions of THF and cyc
cyélohexane at lO_4 mol/l at room temperature. The fluorescence spectra of
‘this copolymer is considerably affected by the nature of the solveht. As
the fraction of cyclohexane increased, the intensity of the excimer fluores-
cence showed a considerable increase. This may be caused by the result of
the deformation of the polymér chain in moor poor solventf

VPy-VCz random copolymers. In Fig. 1-8 are shown the fluorescence spectra

of two kinds of VPy-VCz random copolymefs having 8, and 4 Z VPy in the co~
polymer, respectively. When the content of VPy in the copolymer is more
than approximately 10 %, the fluorescence band predominantly consists of the
excimer fluorescence of pyrene.} The copolymer containing VPy about 8 %,
shows the monomer fluorescence of pyrene with appreciable intensity, but even
in the case of VPy content of only 4 %, the excimer fluorescénce is still
observed with fairly large intensity. This fact’suggests that this copolymef
has a similar structure to block-like copolymer, and that the excimer forma-
tion occurs easily if two pyrene rings are‘neighboring to each other.

EtPy. The concentration dependence of the fluorescence spectrum of Eth;
a model compound of PVPy, is shown in Fig. 1-9. In concentrated solution,

EtPy easily formed excimer state, and the monomer fluorescence was quenched

simultaneously.
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£ CHy-CH 3,

400 - 500 600 nm

Fig. 1-10. mission spectra* of poly-9-vinylacridine and
g-ethylacridine. A; 2x10™% mol/1 PVAc 1?3CHC13-5%EtOH
~at 300°K, Bj 195°K, C; 77°K, and D3 107 mol/1 Ethc

at 300°K.

PVAc and its related compound.

In Fig. 1-10 are shoﬁn the emission spectra of PVAc in lO-3mol/l CHClB,
sblution at various temperatures, together with the emission spectrum of

EtAc as a model compound of PVAc in lO-Bmol/l THF solution. In the case of
PVAc, only excimer fluorescence can be observed in the fairly longer wave-
length region of 525 nm with the lifetime of 30 nsec. In the film sample

the same emission spectrum only consisting of excimer fluorescence was ob-
tained. The temperature dependence above 195°K is quite similar to those

of PVPy, but at 77°K the emission spectrum still consists predominantly of
excimer fluorescence whose intensity maximum slightly blue-shifts at 500 nm.
Since chloroform solidifies into crystalline state under the melting point

of -63.5°C, this may be due to the excimer site being frozen by solidifica-

tion of solvent at relatively high temperature.
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Discussion

The excimer forming site in polymer system has not yet geen made‘
clear in both solution and solid-£film., An e*ceptional case is polyacenaph-
thylene. In this polymer, the excimer can be considered to be formed
between two chromophores in far distance, since two adjaceﬁt naphthalene
groups cannot be érranged with the planes of the aromatic rings parallel
to each other within the distance for excimer»formafion. In other polymers
such as polystyrene and polyvinylnaphthalené, the excimer formation isv
considered to occur between two neighboring chromophores, but this has
never yet been proved. As mentioned above section, the author observed new
excimer emissions in some photoconductive polymers having large pendant T-
electron conjugated systems. The excimer forming site in solution of these
polymers can be made clear by the results of (i) a model compound of the
polymer in concentrated solution, (ii) random and alternating copolymers,
'(iiij solvent effect on the excimer emission.

First, the author would like to discuss the excimer formation in
carbazﬁle system. VCz-FN alternafing copolymer, in which no carbazole chro-
mophores are separated by a main chain segment of three carbon atoms; does
not exhibit excimer fluorescence, although the local concentration of chro-
mophores in the polymer chain is considered to be sufficiently high. N~
ethylcarbazole does not also show the excimer fluorescence even in high
concentrated solution as much as generally observed in other low molecular
aromatic hydrocarbon compounds. These facts indicate thét in carbazole
sysﬁem the excimer state cannot be produced even if the local concentration
.chromophores becomes very high. Namely; there are no excimer fofmétion both
between two nearby chromophores belonging to the different polymer chain and

between two eventually nearby chrcmophéres in’ the far distance along the
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polymer chain.
However, Klopffer reported that the excimer fluorescence could be
observed in the case of 1,3-dicarbazolylpropane, a dimeric model compound

15) and actually, the author also observed the excimer fluorescence

of PVCz,
of this compound. In this comﬁound, the carbazole chromophores are separated
by three carbon atoms just as in PVCz. Therefore, it can be concluded that
in carbazole system two carbazole rings, only when they are connected to the
alkyi main chain separating three carbon atoms, can f?rm the excimer state
which has a sandwitch arrangement of chromophores. In other words; this
corresponds to the intramolecular excimer formation between the nearest
neighbor chromophores.

Oﬁ the other hand, in pyrene system, the situation is more compli-
cated, becauée both l-ethylpyrene and VPy-MAh (1:1) alternating copolymer
emit the excimer fluorescence. The copolymer of VPy-MAh has the structure
in which each pyrene group is separated b§ maleic anhydride unit with rigid
skelton. The observed remarked solvent effect on the excimer fluorescence
perhaps due to the deformationkggwthis copolymer chain, suggests that the
excimer formation occurs even between two chromophores in fairly far distance.

In PVPy, therefore, the excimer formation between non-neighboring
chromophores along the polymer chain seems to be possible. However, on the
basis of the facts that PVPy shows no solvent effect on the emission 'spectrum,
and that in the random copolymer of VPy-VCz containing only 4 % of VPy, the
excimer fluorescence of pyrene has a fairly large intensity; two neighboring
pyrene groups easily produce the excimer state in PVPy.

In acridine system, the concentrated solution of EtAc does not exhibit
the excimer fluorescence; and only PVAc shows the e%cimer fluorescence. This

situation is quite similar to the case of carbazole system. Therefore, the

_ quimer'formation.of PVAc probably takes place between two nearest neighbor-
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chromophores sepafated by a main chainvsegment of three carbon atoms.

Thus, in the vinylpolymers having large T—electron conjugated systenm,
the excimer formation occurs by the interaction between two adjacent chromo-
phores. Such an excimer formation may act as an energy trap for the singlet‘
excited state, and consequently méy restrict the migration of singlet exciton,
The photocarriers in these polymers are considered to be produced extrinsic-
ally from the singlet excitons migrating in the polymer film. Therefore,
the excimer formation may be unfavorable to the photocarrier generation.
Nevertheless, the photoconductive polym.: : emit excimer fluorescence with
éigﬁificaﬁtly high intensity. Moreover, Jkamoto et al.l6) reported that no
photoconduction Was‘found in VCz-FN alternating copolymer which, as mentioned
above, does not show excimer fluofescence at all. These facts suggest that
the sufficiently strong interaction between two adjacent chromophores which
enable the excimer formation, is necessary for the charge carrier migration

N

in these polymers.

Summary

New obéervations of the excimer fluorescences of several photoconduc-
tive polymers having large T-electron conjugated system was obtaiﬂed.. On
the basis of the results‘on the model compounds of the corresponding
polymers, on the copolymers including 1:1 alternating copolymer, and on the
solvent effect of the excimer fluorescence, the excimer forming site in
solution of these polymers was discussed. Consequently, the excimer forma-
tion almost occurs between two neighboring chromophores separated by three
alkyl cabon atoms. The interaction which enable the excimer formation
between two adjacent chromophores seems to be unfavorable to the carrier

generation in the photoconduction, but may be necessary for the carrier
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migration along the polymer chain.

1
2)
3)
4)
5)

6)

7)
- 8)

9)

10)

11)
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Chapter 2

TRIPLET EXCITON MIGRATION IN POLY-N-VINYLCARBAZOLE

Introduction

Poly-N-vinylcarbazole (PVCz) shows the largest photoconduction among

1)

the polymers investigated so far. The carriers of photoconduction in this
polymer have been considered to be generatéd from its singlet excited state,.
Recently, Okamoto et al. have investigated the mechanism of electrical con~-

-6)

duction in PVCz in detains,2 and they have indicated that the photocar-
riers are produced extrinsically by the inﬁeraction between the electron-
accepting impurities aﬁd the singlet excitons of PVCz migrating in fhe_
polymer film. The migration of singlet excitoné in PVCz film have béen
studied by Klapffer7) and Okamoto et al.s) They suggested that ca. 10.3

of carbazole units are covered with a singlet exciton during its lifetime,
and that the excimer forming sites in the solid film act°as the most im-
portant trap sites for the singlet excitons. Such excimer forming sites

in this polymer have been characterized in the previous cﬁapter.

As for the triplet excited sﬁate in PVCz, however, no spectroscopic

:study has been reported yet. Triplet excitons should have much longer life- .
time than singlet excitons. In aromatic molecular crystals it was reported

that the.tripletwexciton migrates very fast, and can cover about 109 - 1012

9,10,11)

molecules/sec. Therefore, the triplet exciton migration may be possi-
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ble in the polymer chain, which is considered to be a one~dimensional crystal,
It isvparticular interesting to investigate the spectroscopic behaviors of‘
the excited triplet state of PVCz from the view point whether, 'the triplet
excitons contributes to tﬁe process of the whotocarrier éeneratidn; or not.
Fox et al. demonstrated the triplet exciton migration in poly-l-vinyl-

naphthalene both in rigid solution at 77°K,12’l3’14) 15)

and in the solid film.
They observed the delayed fluorescence caused by a triplet-triplet annihilation
between two migfating triplet excitons along the polymer chain, and suggested
that the trap sites in the polymer may significantly affect the T—T annihila-

- tion. ‘The similar results were obtained for poly(adenilic acid) in rigid

16,17,18)

solution at 77°K. In this case, the triplet excitons migrate over

approximately 100 bases, and are readily trapped by the lower energy sites.l7)
This value of ca. 100 bases seems to be much smaller than that in aromatic
crystals. As mentioned in the previous chapter, between tworadjacentbchromo—
phores in the aromatic vinylpolymers is there an interaction which enables
to form the excimer state. This interéction may be effective on the triplet
exciton migration.

In this chapter, the triplet exciton migration in PVCz was investi-
gated in rigid solution at 77°K, and the results will be compared with those

on the alternating copolymer of N-vinylcarbazole - fumaronitrile, and N-ethyl-

carbazole, i.e., a model compound of PVCz in its concentrated solution.

Experimental

Materials. The hémopolymer of VCz were prepared with AIBN catalyst in
benzene. The alternating copolymer of VCz - fumaronitrile (PVCz/FN), and
N-ethylcarbazole (EtCz) were prepared in the author's laboratory. Naphthalene
was purified by recrystallization from ether solution, vacuum sublimation

and vacuum distillation. The polymers and the solvents used were purified
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as described in the previous chapter.

Measurement. All polymers having adequate concentrations with 2-methyl-
tetrahydrofuran (2MTHF) - THF solutions in a pyrex tube (2mm diameter) were
sealed in vacuum. The measurements of the emission spectra were carried‘out
as described in Chapter 2 of Part I in this thesis. Phgsphorescence Life-
times were traced on an X-t recorder, and delayed fluorescence decays were
determined from oscilloscope traces. .The exciﬁing light intenéity was con—

trolled by neutral filters.

Resuits

PVCz. In Fig. 2-1 are shown the total and delayed - ission spectra of
PVCz (M.W. = 21000) in 2MTHF-THF rigid solution at 77°K. The delayed
emission in longer wavelength regipn (> 410 nm), which has an exponential
decay with the lifetime of 7.6 sec, is identified with phosphorescence from

the carbazole chromophores in PVCz. The delayed emission band around 360 nm

---- Total emission e
T-T annihilation

=
5 — Delayed emissi ‘
5 A y ssion | T,+T,»S, +S,
50 0 !
2 ' \ Sothy
P ; \
|
fod 1]
o !
< ’ 5
cl o
o : S
2 i o
23 I -

i
= i delayed

j| fluorescence L.

400 500
Wavelength, nm log Ip \

Fig. 2-1. Emission spectra of po1y¥N—vinylcarbazo1e in'rigid solution
of 2MTHF-THF at 77§K; and the 1ight intensity dependence of .
delayed emissions of poly-N-vinylcarbazole. [ 1 x 10f3m01/1].
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can be assigned to the delayed fluorescence, because this band locates iq
the same position as the normal prompt fluorescence, and has a long lifetimev
about 20 msec. The light intensity dependence study revealed that the
deiayed fluorescence intensity increased as the square of the phosphoreséence
intensity, as shown in Fig. 2~1. This fact indicates that the delayed fluo=-
rescence is the biphotonic process. Triplet quenchers, such as piperylene
and naphthalene, quenched in high efficiency béth,fluorescence.and phospho-
rescence emissions. Therefore, this delayed fluorescence is emitted from
the singlet excited state generated as the result of triplet - triplet
annihilation of two triplets in a polymer chain. The experimental result
that the lifetime of the delayed fluorescence is much shorter than a half

©

of the phosphorescence lifetime, is also found in polyvinylnaphthalenelz)

and poly(adenylic acid) 16) This is characteristic of T-T annihilation in
aromatic vinylpolymers.
[Quenching by naphthalene] The delayed emission of PVCz is effectively

quenched by naphthalene. In carbazole - naphthalene system, whose energy

Energy diogram of Cz-Noph. system

— PVCz¢ 1x10meint Naph.: 2x107Z movt

H - E1Cz: Ix10%man Nopht 2x10 2mait

Emission intensity (orbitrary unit)

ul N .
350 400 450 500 550

,Fig . 2"'2 (_a) . Wavelength, am
Energy diagram of carbazole-'~

riaphthalene system. Fié. 2-2(b): Delayed emission spectra

of PVCz and EtCz in the presence

of naphthalene:.
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diagram is shown in Fig. 2-2(a), the sensitized phosphorescence of ﬁaphtha—
lene must be observed by the excitation of carbazole, if triplet - triplet
energy transfer occurs from carbazole to naphthalene. In Fig. 2-2(b) are
shown the dglayed emissions of 10-3mol/l solutions of PVCz and of EtCz,

both containing 2 x lO—zmol/l of naphthalene. In the case of EtCz, the
phosphorescence of EtCz was little quenched and no sensitized phosphorescence
of naphthalene was observed. However, the delayed emission of PVCz was
considerably quenched, and the phosphorescence of naphthalene appeared .
clearly around 460 - 520 mm. These results proved that the triplet state

of PVCz is migrating in a polymer chain as an exciton.

Tﬁe Stern-Volmer plots for the inﬁensities of phosphorescence and
delayed fluorescence of PVCz are given in Fig. 2-3. Alfhoughj;he both plots
.deviate from the linear relation at high concentration of the qugncher, the
plot for the phosphorescence shows approximately linear dependence and that
for the delayed fluorescence shows a second order dependence upon the naphtha-

lene concentration, respectively. This result implies that two triplet

excitons are necessary for the T-T

annihilation. The lifetime of the .Idf
' 20k
delayed fluorescence decreased con-
: ' Y
siderably with the quencher concentra- = 3 'Ip
S 1 :

tion, whereas the phosphorescence ' 10~ /////Q////ﬁ/
lifetime remained unchanged inde- Siﬁégjgj::j;////
B> - 1
2

pendently of the naphthalene con- 1 : ;
0 1 3 4 5

&
<
1 ]

centration, in spite of the decrease (Na] (x lezmol/l)'
of the phosphorescence intensity. Fig. 2-3. Stern-Volmer plots for
The phosphorescence of PVCz, therefore, 'the deTayed emissions of
is emitted from trap sites of triplet PVCz in the presence of
excitops; and not from the free : ‘Naphthalene. [pPvCz] = ILxlO—3

‘ mol/1
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.migrating triplet excitons, and naphthalene can quench only the freely
migrating triplet excitons.
[Molecular weight dependence] Table 2-1 gives the intensity ratio
(Id£/Ip) of delayed fluorescence and phosphoreécence, and the lifetime (Tdf)

of delayed fluorescence of PVCz, each having different molecular weight.

Table 2-1 Molecular weight dependence of delayed fluorescence

of PVCz.
Sample M. W. Idf/Ip! Taf  (msec)
PVCz(commercial)® > 100,000 10 12 - 15
PVCz (A) 80,000 3.6 18 - 20
PVCz (B) 35,000 0.9 20
PVCz (C) 21,000 0.5 28 - 30
PVCz (D) 14,000 0.4 -
PVCz (E) : . 8,000 0.0 -

O —

PVCz (F) 5,000

! measured with almost constant excitation light intensity.

2 Luvican M~170 (BASF Co. Ltd.).

Under an ordinary light intensity condition (150 w Xe lamp, 340 nm e#citation,
excitation slit of 5 nm), the delayed fluorescence could not be detected with
an appreciable intensity in the homopolymer with molecular weight less than
~about 10,000 (50 carbazole units). The intensity ratio (ldf/Ip) éradually
increéses with the increase of molecular weight, whereas the lifetime of

delayed fluorescence slightly decreases.

'VCZéFN‘alternatihg'CngTymer. The behavior of triplet exciton migration in
in VCz-FN alternating copolymer is quite different from that ;ﬁ ?yéz. The
total and delayed emissions of VCz-FN copolymer (M.W. = 6;200) in 2MTHF-THF

| rigid solution af 77°K are shown in Fig; 2—4: The 0-0 band of the normal

fluorescence of the copolymer is located at 339 nm, which is blue shifted
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Fig. 2-4. Total and delayed emission s'pectra‘ at 77°K for PVCz/FN
in 1 x 107 mo1/1 2MTHF-THF solution; excitation: 330 nm.

ca. 12 nm relative to that of PVCz. This blue shift may be caused by the
effect éf electron-withdrawing CN g?oups in FN unit. In the aelayed émissioh
spectrum of this copolymer, the delayed fluorescence was also observed as
well as the phosphorescence from the carbazole units. The‘phosphorescence
in this copolymer did not show such a large shift from that of PVCz as could
be found in the delayed fluorescence. |

The studies on the light intensity depeﬁdence and the quenching of
;he delayed emission indicate that the delayed fluorescence is alsb due to
T-T annihilation in the polymer chain. The emission\lifetimes, however,
differ from those of PVCz. The decay curves of the delayed fluorescence
and phosphorescence of PVCz/FN are drawn in Fig. 2-5.h The phosphorescence
exhibits a non-exponential decay With apparent lifetime of about 4.5 sec,
which is considerably shorter than that of PVCz showing restrictively
éxponential decay. On the other hand, the delayed fluorescence of this’
copolyﬁer has also marked non—ekponential decay with the apparent lifetime

of about 200 msec. This value of the lifetime is much longer than that of
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Fig. 2-5. Delayed emission decays of PVCz, PVCz/FN, and
EtCz 0.5 mol1/1 in rigid solution at 77°K.

(A): phosphorescence decay, (B): delayed fluorescence decay.

PVCz: This results suggest that the migration of triplet exciton in ghe
alterna;ing copolymer is fairly slower than in the homopolymer.

[Quenching by naphthaiene] Naphthalene effectively quenches the delayed
emission of this copolymer, and alternatively the sensitized phosphorescence
of naphthalene can be observed. The behavior of the quenching is different

from that in the homopolymer. The Stern-

Emission intensity quenching

Volmer plots of two delayed emission are 2q f
1
‘given in Fig. 2-6. 1In the copolymer, 1° | P //
I
/
the delayed fluorescence was quenched : ok Jd
more effectively rather than the - .,/‘d// Lot
i (%frﬁﬁy/’
phosphorescence. In Figure 2-7 are e
_ ‘ o 1 2z 3 a
shown the change in decay curve with [Ng x1072M

the quencher concentration. The decay

Eig: 2-6. Stern-Volmer plots for

curves of both delayed fluorescence

. the delayed emissions of
and phosphorescence are always non-

PVCz/FN 1in the presence of

exponential, and the apparent life-

naphthd]ene.

times become short with increasing
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Fig. 2-7. The dependence of delayed emission decays of PVCz/FN on the

concentration of naphthalene. [PVCz/FN] = 1 x lO_Bmol/l.

.the concentration of naphthalene. The apparent lifetime and the inténsity
of delayed fluorescence in the presence of 4 x lOHZmol/l of naphthalene
decrease by féétors of ca. 7 and 10, respectively, compared with those in.
the absence of the quencher. On the other hand, under the same condition
the phosphorescence intensity is reduced by a factor of ca. 20, while the
phosphorescence iifetime in the presence of 4 x lO-zmolll.naphthalene is
estimated to be 1.9 sec, being nearly a half of 4.5 sec in the abseﬁce of
naphthalene. In PVCz fhe phosphorescence lifetime is 7.6 sec regardiessly
of the quencher concentration. These experimental results suggest that in the
alternating copolymer the phosphorescence emission may occur not only from
the trapped triplet but also from the freely migrating triplet excitons,
which cén be quenched by naphthalene. Therefore, the rate of the free
triplet migration of the copolymer is considered to be very slow; and

- compérable to the rate of the phosphorescence emission.

[Molecular weight dependence] The ratics, ldf/Ip, of four alternating

copolymers of VCz-FN having different molecular weight were measured under
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the constant light intensity condition, Table 2-2. Molecular weight de-

and the results are given in Table 2-2. pendence of the delayed fluo-
The molecular weight does not seem to ‘ rescence of PVYCz/FN.
affegt the dglayed fluorescence of Samp]e _ MW, laf/Ip

this copolymer, contrary to the case

PVCz/FN (A) 8,000 0.62
of VCz homopolymer. It is somewhat PVCz/FN (B) 6200 0.65
surprising that even in the copolymer PVCz/FN (C) 4,200 0.59

-with molecular weight of only 4,000 PVCz/FN (D) 4,000 0.83

(ca. 15 carbazole units in a polymer
chain), the delayed fluorescence can be observed with a significant intensity.
- EtCz. The delayed fluorescence of EtCz, a model compound of PVCz, in
rigid solution at 77°K is not found in relatively low concentrations, but
can be found in higher concentrations. In Fig. 2-8 are shown the delayed
emission‘ééectra of EtCz at 0.5 and 1 x ILO--4 mol/1l.. In 0.5 mol/l solution
the delayed. fluorescence due to T-T annihilation was observed. The delayed
fluorescence can be observed in > about 0.25 mol/1l solution ﬁﬁdér_fhe

£
present experimental condition, and in 0.5 mol/l the intensity ;étiO'(Idf/Ip)

is approximately comparable to that observed in VCz-FN alternating copolymers. -

—— 05M
—-ee- 1x107'M
in MTHF

Emission intensity {arbitrary)

e

1l
350 400 450 500
Wavelength, nm

Fig. 2-8. Delayed emission spectra of
N-ethylcarbazole in 2MTHF rigid solution at 77°K.
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In 1 mol/l solution the delayed emission spectrum predominantly consists

-1

. , =4
of the delayed fluorescence. The phosphorescence lifetimes in 10 ~, 10 ™,

0.25, 0.5, and 1.0 mol/1l solutions are 7.6, 7.6, 7.2, 4.0, and 1.8 sec,

respedtively.‘ The delayed fluorescence of 0.5 mol/l solution shows a

marked noh—exponential decay with a apparent lifetime of 1.9 sec, as shown

in Fig. 2-5. The results in the case of 0.5 mol/l EtCz, therefore, are very

similar to that of the alternating copolymer rather than that of the homo-

. polymer.

Discussion

Parker indicated that a T-T energy transfer in rigid solution is

possible at the distance less than 15 A by electron exchange mechanism.

19)The

rate of T-T energy transfer can be considered to depend on the distance

between two chromophores, and the shorter is the distance, the easier the

energy transfer can occur. In aromatic vinylpolymers, such as polyvinyl-

naphthalene and PVCz, triplet exciton migration may be nearest neighbor

event. The distance between two carbazole ring in PVCz may be approximately

=]

3 A, whereas in the copolymer of VCz-FN, this may be . least 5 - 6 A.

Therefore, the rate of triplet exciton migration in the copolymer is expected

to be fairly slower than in the homopolymer.

Triplet excitons in polymers produced from singlet excited state by

intersystem-crossing are depleted by

(1

Tf —_—
TE + Tf ——>

Tf + Tt —>

Tt —_>

Tt . —_—
T + Q@ ——>

Tt

+ SO

+ SO

4+ hv
p

+ hv
P

+ Qx
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the followirg photophysical processes:

Trapping of free triplet exciton
T£-Tf annihilation
T£-Tt annihilation
Phosphorescence emission from Tf

Phosphorescence emission from Tt

Quenching of free triplet



(7 Tf + Q@ —s SO + Q* Quenching of trapped triplet
, where Tf and Tt are freely migrating and trapped triplet states, re-
spectively, and Q represents triplet quencher.

Améng these processes, the quenching of tfapped triplets (precess 7)
is negligible, because the concentration of the trap site may be much lower
compared with that of the total carbazole units. The freely migrating B
triplet excitons of PVCz are almgﬁyudepleted mainly via the processes of
(1), (2), (3), and (6), before emitting the phosphorescence, since the rate
of migration is considerably fast. In other words, the rate of the triplet
exciton migration in PVCz is much larger than the rate of phogphorescence
radiatioﬁ, and- therefore, the phosphorescence eﬁission originates only from
the trapped triplets. This consideration can be reasonably confirmed gy
the fact that the phosphorescence lifetime remains unchanged in various
conditions of measurement. On thé other hand, from the differences in the
delayed fluorescence lifetime and in the steady-state concentration of free
triplets between the homopolymer and the alternating'copolymer, the rate of
triplet exciton migration in the copolymer can be considered to be about
10 - 100 times slower than the homopolymer, and ;onsequently the phoéphoresé
cence in the copolymer originate from both Tf and Tt. The phosph;rescence

from Tf must have significantly smaller lifetime than that from Tt (7.6 sec),
because the other processes can compete for the depletion of Tf with the
phosphorescence emission. The total phosphorescence decay, therefore,»must
be noﬁ-exponential, and its lifetime must be significantly shorter. The
pre..ance of the phosphorescence not only from Tf but also from Tt in the co-
polymer can be demonstrated by the facts that the phosphorescence lifetime
is quenched by naphthalene and that the long lifetime component of the

phosphorescence can be detected.

In the copol&mer, the phosphorescence from both Tf and Tt are quenched
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by napﬁthalene molecule. The quenching of Tf occurs directly, but the
quenching of Tt probably occurs during the process of the trapping of ffee
triplets (process 1). The decrease in the phosphofespence lifetime shown
in Fig. 2-7 is caused by the former quenching process. The fact that in
vthe copoiymer the phosphofescence is more effectively quenched than thg
delayed fluorescence, may be accounted for by these dual quenching of
.phosphorescence by naphthalene. Thus, in the alternating copolymer, most
of all Tf may be depleted by the processes of (1), (2), (3), and (4),
before reaching the end of the polymer chain which can be considered as a
trapping site, énd consequently, the molecular weight dependence is not
observed in the copolymer. bBy contrast, the molecular weight dependence
observed in the homopolymer can be understood in terms of the increase of
free triplet concentration with the increase of molecular weight;

Although in the copolymer with molecular weight of only 4000, the
total triplet concentration produced in a polymer cha;ﬁ is gsufficient for
the oécurrence of T-T annihilatién, it seems to be very strange that no
delaye& fluorescence is observed in the homopolymer having the molecular
weight less than about 10,000. If tﬁe T£-Tt annihilation (process 3) could
take place, a déiayed fiuorescence would have to appear, because It is
available for 7.6 sec. The results in Table 2~1, therefore, suggest that
T-T annihilation cén only take place between two freely migrating triple;
excitons, and that trapped triplets cannot participate in T-T énnihilation.
This consideration is sﬁpportedmby"the fact that even when the exciting
light intensity is so strong that the delayed fluorescence intensity is
fairly large than that of the phosphorescence, the phosphorescence lifetime
of PVCz still remains unchanged. If fhis consideration is true; a consider-
able part of triplet ekcitons in PVCz is easily trapped because of the

large rate of migration, and cannot contribute to T-T annihilation. As the
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molecular weight decreases, the concentration of free triplef excitons
available for T-T annihilation becqmes small and the deiayed fluorescence
‘cannot be observed with an appreciable intensity.

However, the reason why the trapped triplets are unable ﬁo participate
in T-T annihilation in PVCz is unknown.

Assumed that the energy of the host triplet exciton level in PVCz»is
equal to the energy of the phosphorescence 0-0 band of EtCz (24,510 cmbl),
the depth of the triplet trap sites can be estimated from the 0-0 band of
the phosphorescence of PVCz to be only 530 cm_l. The energy of’trapped |
triplet, therefore, may be sufficient for T-T annihilation. These trapping
sites seem to be located at unique structures in the polymer, perhaps some
are located at the end of the polymer chain, other at defects. The carbazole
rings acting aé these trapping sites may have different steric configu?ation
from those of the majority of carbazole rings. If in order to take place

T-T annihilation, particular steric configurations would be necessary between

two interacting chromophores, the trapped triplet could not contribute to
T-T annihilation. |

It is well-known that P-type delayed fluorescence in rigid medium
at 77°K produced by T-T annihilation can be obserﬁed with many aromatic
hydrocarbons at their fairly high concentrations.l9> Alsc with EtCz, the
delayed fluorescence was observed at 0.5 mol/l so that the intensity ratio
of this emission to the phospjporescence was approximately the same with.
those observed in the éopolymers or in the homopolymer.with molecular weight
of 20,000. The ratios of apparent.lifetime of the delayed fluoresceﬁce

to that of the phosphorescence were compared among these three cases, being

about 0.4, 0.045, and 0.003 for EtCz, the copolymer, and the homopolymer,

?eSP§Ctlvely- These values suggest that the alternating copolymer has the

nature of both the monomer and the homopolymer. A most decisive difference
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in T-T annihilation befween the monomer and the homopolymer may be seen in-
the presence of the trap sites of triplet excitons in the homopolymer} In
the ‘alternating copolyﬁer these trap sites may play a less important role
in triplet exciton migration because of the slow rate of migration.

Thus, it has been shown that the triplet excited states can effectival§
migrate along the polymer chain. Therefore, it seems to be possible that
the migrating triplet exciton produces the photocarrier by the interaction
with the electron-accepting impurities present in the polymer film, as well
- as singleﬁ excitons. The energy of the triplet excited state of atomatic
molecules are usually much lower than that of the singlet excited state.
‘However, in the case of PVCz, the energy difference between the singlet and
triplet excited states is fairly small as compared with other aromatic
compounds.

‘The halogenated PVCz such as poly-3,6,dichloro-N-vinylcarbazole, and
poly-3,6,dibromo~N-vinylcarbazole, also show photoconduction and are utilized
as a material for electrophotography.zo) These polymers seem to have highér
triplet yield than PVCz, due to the heavy atom.effectbof the Halogene atoms.
Actually, Yokoyama et al. observed that in poly—3,6—dibrdmo—Niv§nylcarbazole‘
there appears only phosphorescence emission, and no emission.frém thé
singlet excited statg.Zl)

These facts suggest that the carrier generation from the triplet

excited state is possible not only in the halogenated PVCz but also in PVCz.

Summary

In this chapter, the behavior of the triplet excited state of PVCz
was investigated. New observations of the delayed fluorescence due to T-T
annihilation between two migrating triplet excited states were obtained in

we o
y
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rigid solution at 77°K. Triplet exciton migration in PVCz was compared with
those in VCz-FN alternating copolymer and in 0.5 mol/l EtCz; and- consequently,
The rate of‘triplet ekciton.migration is about 10 - 100 times faster ir the
homopolymer than in the copolymer, and in monomer. Tacking into consideration
that the energy of the triplet state of PVCz are relatively high, and that
the lifetime of triplet state is much longer than that of singlet state,

the possibility was suggested that the triplet state produces the carriers

in the photoconduction of PVCz, as well as singlet excited state.
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CONCLUSION

The purpose of this thesis is to present information with regard to
the structures and the optical and electrical properties of two types of
important material group among organic semiconductors.

In Part I, organic CT salts, that is, organic ionié compoﬁnds in which
a CT interaction is present between two componént ions, were picked up és
‘a new organic material group. Several new organic CT salts com@osed of a
pyrylium or thiop&rylium cation and a polycyano-acid anion (l,l,3,3—§etra—
cyanopropeﬁide, of‘tricyanomethanide) were synthesized.

The presence of CT interaction in these salts both in solution and
in solid state, have been demonstrated by the observations of CT absorption
(Chapter 1) and CT fluorescence bands (Chapter 2). It has alsoc been shown

‘that interionic CT transitions of these salts are remarkedly sensitive to
the nature of solvent and the temperature, because of the ionic ground state
being étrongly solvated.

In Chapter 3, the photoconductive and magnetic properties of these

salts were examined. All the CT salts showed relatively large photoconduc~

tion with a good reproducibility. On the basis of the results on the

electrical and magnetic properties;pthe mechanism of the electrical conduc-
tion was discussed in order to elucidate the relationship between the
phétoconduction and the interionic CT interaction. It has

been suggested that the CT interaction contributes intrinsically té the

photoconduction, and that this photoconduction can be explained in terms
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" of the carrier generation by CT interaction and carrier migration
by trapping conduction.

In Chapter 4; the crystal structures of two organic CT salts, 2,4,6-
triéﬁenylpyrylium—l,l,3,3—tetracyanopr0penide (TPP—TCPS and 2,4,6—triphenyl—
thiopyrylium-1,1,3,3~tetracyanopropenide (TPT~TCP), were determined by x-ray
structprebanalysis; in order to elucidate the role of interionic CT interac-
tion in the crystal. These two salts have quite différent crystal stru¢ture.
It has been suggested that the crystal structure of organic CT salt has been

influenced by electrostatic force rather than CT interaction between the

cation and the anion.

It can be concluded that the éharacteristic features mentioned above

in organic CT salts are caused by the CT salts having ionic ground state

and neutral CT excited state. In future, more attention will be paid to

this kind of ionic compounds as new photoconductive materials.

Part II of this thesis has dealt with the potoconductive aromatic
vinylpolymers which are most important photoconductive materials.
The photophysical processes of several photoconductive polymers having
large T-electron conjugated system as a side chain were examined in order
to obtain information on the photocarrier generation in these polymers.

The excimer formation in these polymers have been discussed in
Chapter 1. New observations of the excimer fluorescences were obtained.
It has been indicated that the excimer formation in these polymers occur
by the interaction between two adjacent chromophores along the pblymer chain
and this intéraction seemns to be necessary for the carrier migration in
these polymers.

In Chapter 2 the behaviors of triplet exc1ted state in poly-N-vinyles

carbazole, a most photoconductive Polymer, were 1nvest1gated It has been
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shown that the triplet excited state of poly—N-vinylcarbaéole can migrate
effectively along the polymer chain. This result suggests that the carrier
gneration is possible from the triplet excited state, and the mechanism of

photocarrier generation in poly-N-vinylcarbazole must be re~examined from

this point of view.

The informations obtained in this part may contribute to the

development of the photoconductivempolymers in giving new guiding principles

for the future study.
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