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                       Preface 

     Studies on the photo-ionization of organie mälecules 

in solutions, 

       M + hv M + + e.. 

have been of grow'ing importance, directly donneeted with 

the electronie structures and processes of highly excited 

states of molecules and their aggregates. The knowledge on 

both the ionization mechanisms and the ionized states 

might also serve for the development of photo-sensitive 

organie materials oi,~>systems, on which much attention 

has recently been focused.      

.Extensive studies on the photo-ionization and related 

phenomena have been made in the last decade, stimulated by 

recent great developments,of photochemistry„ photophysies 

and radiation chemistry as well as by new experimental 

methods such as flash and laser techniques. Main results 

obtained so far may be summarized as follows; (1) Light 

in the near UV region ean ionize some aromatic compounds 

by a two- step, biphotonie process with the triplet state 

as the intermediate. (2) Photo-ejected electrons are trapped 

in rigid organie matrices at fairly large distances (30 -

0 100 A) from the parent eations. (3) Recombination processes 

of the trapped eleetron.,~ with the parent cations eaused 

thermally as well as by illumin.ation of IR light or by 

application of eleetrie field3 form the excited singlet
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and triplet states of the parent molecules, emitting the 

fluorescence and phosphorescence. (4) The photo-ejected 

electrons have relatively high drift mobilities (0.1 -

100 cm 2 v- 1 sec- 1 ) in some non-polar organie solvents, which 

are the same as or even higher than those in organic 

crystals. 

     There are still difficulties in the studies on the 

photo-ionization in organic media, mainly beeause the 

photo-ionized and "Rydberg" states generally lie in the 

range of low-lying valence excited.states of both solute 

and solvent molecules. For this reason, the determination 

of such basic quantities as the ionization thresholds 

and ionization yields in solutions has been left untouched. 

The studies on the "Rydberglt states connected with, the 

ionization continua have also beeri undeveloped. Almost 

no studies have been made concerning the relations between 

these ionized and "Rydberg" states and CT complexes (or 

interactions), although the relations between the lower 

excited states and CT states have been well-established. 

     The present author has found that tetraaminoethylenes 

have extremely low gas-phase ionization potentials 

( - 5.4 eV), to his knowledge, the lowest of the ionization 

potentials of organic molecules reported so far. These 

compounds have also very low Rydberg states lying near the 

visible region. These remarkable properties of these
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molecules are not orily very suitable for the detailed 

studies on the photo-ionization processes in organic 

media, but also offer an interesting example for searching 

materials with very low ionization potentials. 

     In the first chapter, the results of measurements of 

the photo-ionization eurves, ionization potentials and 

absorption spectra of the tetraaminoethylenes in the gas 

phase are presented, together with the discussions on the 

electronic structures and ionization-potentials based on 

the MO ealculations of these molecules. 

     In the second chapter, the results of measurements 

of absorption and emission spectra and photo-ionization 

curves of tetraaminoethylenes in organic solvents are 

presented. The ionization continua, the "Rydberg" states, 

the contact CT states and their inter-relations in organic 

media are also discussed.
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                Chapter I 

Ionization Energies and Rydberg States of 

Tetraaminoethylenes in the Gas Phase.

                          

. S
ummary 

     Absorption speetra and photo-ionization eurves of 

tetrakis-(dimethylamino)-ethylene, (TMAE) and 1, 119 

3, 31-tetramethyl-,a 2 3 21_bi(imidazolidine), (TMBI) have 

been studied. It has been found that these compounds 

have very low ioniiation potentials (about 5. 4 eV), 

which are even comparable with that of the lithium atom. 

The first ionization potentials of these compounds are 

nearly the same, although both their absorption speetra 
0 

and their photy-ionization eurves are considerably 

different from each other. These results can be explained 

semi-quantitatively by use of the results of simple, 

semi-empirical molecular orbital ealeulation with 

inelusion of direct interaction between four lone-pair 

orbitals on the N atoms, which was found to be important 

at the "'perpendieular" structure. The first absorption 

bands of these molecules are assigned to the Rydberg bands,
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lying quite unusually near the visible region. The quantum 

defeet ~ is Pound to be 0.7 Por the lowest Rydberg state 

of TMAE. The size of the Rydberg orbital for this state 

0 is estimated to be 2.9 A from the maximum radial density, 

which are comparable with the core size. Higher Rydberg 

series are also observed for TMBI.

                        Introduction 

     lonization potentials of organie compounds are one of, 

the key quantities in the studies of eleetronie p~ocesses 

in organie materials, such as organie semi-conduetors, 

organic photo-conduetors, and formation and reactions of 

electron-donor-acceptor complexes. The gas-phase ionization 

potential s - of' organic compounds reported so far lie in the 

range of about 7 to .12 eV. 1) The present author has found that 

tetrakis-(dimethylamino)-ethylene.9 (TMAE)„ and 1,1',3,3'-

tetramethyl-A2e2t_bi(imidazolidine), (TMBI), have extremely 

low ionization potentials, about 5.4 eV, in spite of their 

                                  2) r
elatively simple molecular structures. 

                                Cil 3 CH 3 

 (CH ) N N(CH ) 1 1       3 2 3 2' w"2- 4x N - CH 2 
               C=C 1 -01 C=C ".% 1 

 (CH ) N N(CH ) CH 2 N N -CH 2     3 2 3 2 1 

                                    3 U 3 

        TMAE TMBI 

     The fact that dialkylamino groups have strong electron.
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donating properties is well known. Tetraaminoethylenes 

have as many such groups as possible for a substituted 

ethylene, and hence are very strong eleetron-d,onors. 

The chemicalproperties of these interesting compounds 

have been studied extensively and they are charaeterized 

as electron-rich olefins3) or as strong eleetron donors. 4) 

     The knowledge on the eleetronie structures of tetra-

aminoethylenes Is, however, still rather limited. The electron 

donor strength, the bonding and the electronie spectra for 

TMAE were interpreted by a simple IIMO calculation.4) The 

eleetronie spectra were also explained qualitatively in 

terms of intramolecular charge transfer mechanism.5) 

     There have been some difficulties, both experlmental 

and theoretical, in the study of the eleetro.nie structure 

of the tetraaminoethylenes. In the first place„ t'hey are 

strongly reactive to oxygen„ emitting strong lumineseenees. 

The experiments with them must, therefore, be made with 

extreme carefulness. Secondly, there is some ambiguity 

as to their molecular conformations. It is expeetäd that 

a large sterie repulsion exists between four dialkylamino 

groups. This may prevent the tetraaminoethylenes'from taking 

the "planar" structures and make their con~ormations more 

or less uncertain. Th~e "non-planar" structure may lead 

to a breakdown of the n-electron approximation. Namely, 

the lone-pair orbitals on the Watoms overlap not only with
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the u-orbitals on the C atoms, but also directly with the 

other lone-pair orbitals, and with the a-orbitals. Finally 

the role of the molecular Rydberg states in the low-lying 

excited levels has been overlooked. 

     In the present chapter, the results of measurements on 

the photo-ionization curves, iorlization potentials and' 

absorption spectra will be desoribed, together with the 

discussions on the eleetronie structures and ionization 

potentials of free molecules in the gas phase, based on the 

MO ealeulations of these molecules. 

                          Experimental 

     Both TMAE and TMBI were prepared according to the 

literature. 6) Crude products were distilled in an atmosphere 

of nitrogen under reduced pressure. They were then degassed 

and distilled repeatedly in a vaeuum line, and-stored 

in evacuated glass ameies with breakable seals. n-Pentane, 
isopentane and methyleyelohexane were passed through silica-

gel columns, left overnight in contaet with sodium wire'and 

distilled. All the sample solutions, were prepared by dissolv-

ing TMAE or TMBI through breakable seals into solvents after 

they had been completely deoxygenated. Absorption spectra 

of TMAE and TMDI at room temperature-were measured by usihg 

various cells with pass length ranging from 1.0 to 10 cm. 

     Absorption speetra In the wavelength region longer
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than 190 nin were measured in a Cary Model 15 speetrophato-

meter. Both absorption spectra and photo-ionization eurves 

in the wavelength region between 300 and 155 nm were measured 

by a 0.5 meter Naluml. vaeuum monochromator. It has a Bausch 

,and Lomb concave grating (coneave'radius 498.1 mm, rul.ed 

0 are-a 30 mm X 51 mm, 600 grooves/mm, blazed at 1500 A, blaze 

angle,2035'). The plate factor of the monochromator.is 

calculated to be 28.3 A/mm when the grating Is used in the 

0 first order at X = 150 nm. The slit width used was normally~ 

200
,p. The light source used is a hot-eathode-type hydrogen-

discharge lamp from Mitsubish Electric Corp., operated at 

0.9 A and 70 V, which emits photons of the wavelengths longer 

than 155 nm. A Toshiba 76.96 photomultiplier (S-11 type) 

covered with a sodium salicylate thin film is used as a 

photon detector. Emission lines from mereury and hydrogen 

lamps were used to calibrate the wavelength seale. The stray 

light was found to be less than 3 % of the total light 

from the exit slit ar .ound 160 and 180 nm. 

      Photon absorption and photocurrent were measured as 

funetions of photon energy in the same run. A pyrex cell 

used has two quart2 windows (transparent down to 155 nm) and 

two collecting-eleetrodes held parallel t .o each other by 

means of tungsten wire-pyrex seals. the resistance between 

which was 3 X 10 15 ohms at 25 'C. Photocurrent was measured 

with a Takeda Riken vibrating reed electrometer, TR-811M. The
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applied voltage between eleetrodes was 5 to 10 V in normal 

use. Under the above experimental conditions, the minimum 

photocurrent detected was about 2.0 X 10-15 A. Estimating 

the light intensity at some 109 photons/see from the photo-

multiplier output., the photo-ionization yield (=o /a) ean i 
                                           -5 

be measured to be at least 2 X 10 if it is assumed roughly 

that one half the ineident light was absorbed by the sample 

vapor (where a and a i are absorption and photo-ionization 

cross sections, respectively). 

                             Results 

     An absorption speetrum of TMAE in the vapor phase is shown 

in Fig. 1. At leas't four transitions may be involved in 

the spectrum which are centered at 29.0, 38-5, 44.8 and 

53.0 kK. The first (29.0 kK) and the second (38.5 kK) 

bands agree closely with those reported by Winberg, Downing, 

Coffman,7) and the fo'urth (53.0 kK) agrees with that by 

Hori, Kimura and Tsubomtira.5) Some structures are seen 

in the region around the fourth band. Near ultraviolet 

absorption spectra of TMAE in MP solutions, both at room 

temperature and 77oK, are given in Fig. 2 together with 

that in the gas phase, where MP is a mixed solvent consisting 

of methylcyclohexane and isopentane in a volume ratio of 

1 : 1. A similar spectrum was obtairied in a»n-pentane solution 

or in an ether solution, and a maximum was found at 45.5 kK.
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Fig. 1. The absorption spectrum of TMAE in the vapor.
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        250
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                % % 
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                %% 
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                                Wavenumber (kK) 

Fig. 2. The absorption speetra of TMAE in the near UV 

region; curve a f or the vapor , eurve b f or 

an MP solution at room temperature and eurve c ......... for 

the same solution at 770K. The Profile around the second 

band (38 kK) of curve c is somewhat ambiguous, because 

the matrix beeame a little opaque,
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The absorption maxima previously reported are 37.3 kK in 

n-heptane, tetrahydrofuran and acetonitrile,5) and 37.0 

and 115.2 kK in n-decane. 8) The agreements are good. 

     Absorption spectra of TMBI both in the vapor and In 

a n-pentane solution are shown In Fig. 3. Vapor absorption 

begins at about 25.0 kK and inereases toward h,igher wave-

numbers wi th a few inflexions (32.8 not elear ., 35.7, 40.8 

kK). The first peak is located at 50.5 kK. The second 

seems to exist at around 60 kK or higher. 

     It should be noted here that the first band of TMAE 

shifts to higher wave numbem in an MP solution at room 

temperature compared with that in the vapor although the 

second band shifts rather Inversely and that the firs .t band 

is apparently missing at 77'K. The absorption speetrum at 

wavenumbers löwer than 45 kK for TMBI in the vapor is also 

apparently missing in a n-pentane solution. 

     Very recently, several studies coricerning the Rydberg 

states in condensed media were made. 9,.,10) The main conelusion 

is that the Rydberg band is sensitive to the environments 

surro unding the molecule. It moves to shorter wavelengths 

when it is placed in the condensed phase or even in the 

gaseous state at high pressure. The first band of TMAE 

and the bands in the riear UV of TMBI,show behaviors similar 

to the Rydberg bands reported in these studies, so that 

it may be concluded that they are Rydberg bands. It may
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400 300 250

Wavelength (nni) 

    200 170
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0 

0 
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c
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           30 40 50 60 

                                  Wavenumber (kK) 

Fig. 3'. The absorpUton spectra of TMBI; eurve a 

for the vapor, eurve b for a n-pentane solution 

at a low concentration of TMBI and eurve c ( ........ -... ),for 

the same one at a high concentration.
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also be coneluded that the second and third bands of TMAE 

and the 50.5 kK band of TMBI are non-Rydberg bands from 

their insensitiveness to the environments. The fourth 

band of TMAE also seems to be noln-Rydberl~, because it is 

.too strong to be assigned to the Rydberg band. This 

conclusion is supported by the molecular orbital.caleulation. 

     It.must be pointed out . here that the gas-phase absorption 

spectrum of TMAE. seems to contain an underlying continuous 

absorption which inöreases in intensity towards higher 

w ave numbers, as seen in Fig. 1. Thie may be coneluded 

to correspond to the transitions to the higher Rydberg 

series and the ionization-continuum. A similar feature 

is seen for the gas-phase speetrum of TMBI in Fig. 3. 

     Figure 4 shows the photo-ionization curves for'TMAE. 

Curve a shows the relative photo-ionization cross section, 

 rel a
i as a function of photon energy, E, and eurve b is the 

first derivative eurve (,bre 1/dE vs E). 0 rel was daleulated                       i i 

at every 10 A by using the equation„ ai = 0-1/'(10 - 1), 

where C, i and I I are the relative abs-orption eross 

seetion, photocurrent'and relative light intensity absorbed 

by the sample vapor, respectively. The onset of the ionization 

is rather gradual. Such a feature is dommon to those 

                                                12s13) reported for äliphatie and aromatie amino com
,pounds. 

In such eases, it is diffieult to determine'the adiabatic 

ionization potentials accurately. The auti)or'tias, therefore.,
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Fig. Gas-phase photo-ionization of TMAE; curve a 

shows a rel vs E and curve b da rel. /dE v's E. Curve a is 

divided into eurve al and c in the energy region around 

53 kK, which are estimated to correspond to the contributions 

of the direct ionization and the auto-ionization., respectively. 

(See text.). The threshold for photo-ionization is shown 

by an arrow. The energy spread of the photon beam at the 

threshold is also indicated.
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„takeh the point of appearence of a. as an upper Jimit,for 

the'first adiabatie ionization potential, 

      Curve a has three steepest slopes at 119i 52 and 56 kK3 

and eurve b has maxima at these positions„ as shown only 

for the first'steepest slope in Fig. 4. AccordiAg to 

Morrison's method, 12) the first vertical ionization 
. 
potential for TMAE can be determined to be 49.3 kK from the 

maximum *of eurve b. The second steepest slope at 52 kK$ 

however, seems to be attributable to-the auto-ionization 

from the fourth band of TMAE, rather than to the second 

 (direct) ionization. The estimated curve for the direct 

ionization is shown as curve al (a broken line) and the 

difference between the eurves a and al is shown as curve e. whiQh 

corresponds to the contribution due to the auto-ioni.zation. 

This interpretation may be supported by the faet that eurve 

c agrees very well with the fourth band in Fig. 1. If this is 

the ease, the second vertieal ionization potential may be 

estimated to lie in 55 - 56 kK. 

      Photo-ionization-eurves for TMBI are shown in Fig. 5, 

from which the ionization potentials have been determined 

in the same way. The auto-ionization also~seems to occur., 

.but is not so alear. The first vertieal ionization poteritial 

estimated to lie around 49 kK iS, therefore, made somewhat uneertain. 

The second photo-ionization seenis to start at about 57 kK. 

      Photo-ionization curves in the higher wavenumber
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Pig. 5. Gas-phase photo-ionization of TMBI. Each eurve 
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  regions (Z 57 - 58 kK), both In Fig's. 4 and 5, seem to 

  be less reliable, because of the line speetrum of the 

  hydrogen lamp used as the light source. 

        The ionization~potentials are summarized in Table 1 ., 

  together with those repprted in the literature. 

                      MO Calculations 

       .In order to understand the experimental results ., it 

  seems worthwhi.le to make theoretical ealculations of the 

  electron .ic energies. For the purpose to find the orbital-

  engrgies of filled n-MO's and to characterize the 7r-,ff* 

  type transitions, a simple semi-empirical molecular orbital 

  ealoulation was made using only the 2 pn-Auls on thp C 

  atoms. and the lone-pair AO's on the'N atoms. Each of the 

  lone-pair AO's is assumed to be one of the sp3 hybrid 

  orbitals of the nitrogen atom. The details of the method 

  of ealeulation is given in the Appendi x. 

        The molecular conformations of tetraaminoethylenes 

  have not been fully established. The-planar N 2 C = CN 2 

  skeleton ean at least be assumed for the ground state. 

  The inspection of the molecular model shows that the four. 

  dimethylamino.groups'have some freedom of' twisting around 

  each of the four C-N bonds. Let the direction of a C-N 

  bond be the z-axis, and . let us draw the projectories of carbon 

  2pn-AO and nitrogen lone-pair AO on the xy plane as shown
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Table 1. Gas-phase ionizatl.on potentials,

the first Ip the second Ip

adiabatie, vertical vertieal

TMAE this work

literature a)

literature b)

<- 5 -36 6.11

< 6 - 5

6.27

ca. 6.9

TMBI this work <- 5.111 -6.1 ca. 7.1

a), from the appearance potential. of the parent ion in the 

mass spectrum; N. Wiberg and J. W. Buchler, unpgblished. 

b), caiculated from the difference'in the charge-transfer 

absorption maxima for TMAE and dimethylaniline as the 

donoryand nitrobenzene as the commoh acceptor, where 

7.35 eV for the ionization potential of dimethylan,~ ~e 

was used; Ref. 15). This should be compared with 

vertical value obtained by us. 

c), These are only tentatively estimated values.
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in Fig. 9 (A). Then, the angle 6 as ahovin in Fig, 6 (A) 

ean be the best parameter to detine the oonförmation of 

the dimethylamino group. The C-N resonance interaation 

(ßCN in the Appendix) makes the "planar" structure'(O m 

in Fig. 6 (A» the most preferable.,which is$ however, 

more or leas prevented by the mutual sterie repulsion between 

the crowded methyl groups. The infrared absorption speetrum 

,of TMAE shows no band in the v
„, regions, whereas 

an intense v C-C band (16 1 30 cm -1 ) appears in the Raman speatra .7) 

TMAE also Sives only qne aharp proton signal in the NMR 

        7s14) spectrum. All these reaulte suggest that the molecular 

conformation is symmetrie with respeet to the CwC bond. 

At present, the most reasonable model for TMAE in the ground 

state.seems to be a "perpendi(„ular" structure (6 - 00) 

                                       15) under wobbly motion proposed by Hammond and Knipe
, 

in which the (CH 3 )2N group's are vibrating about a position 

tiperpendieular" to the N 
2 C - CN2 plane. TMBI Sives two 

sharp, proton signals in the NMR speetrum. The sterie repulsion 

between the methyl groups tor TMBI seeme to be much lesg 

than that for TMAE, but may still be large enough to prevent 

the complete "planar" structure. 

     The complexity of the problem arises from the fact 

that each of the four dimethylamino groupe has a certain 

tree'domain of wobbly motion, and there are quite a number 

of po ssible conformations for TMAE. For TMBI, the situation
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Irc

Az,
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Fig. 6. (A), A projeetion of a nitrogen lone-pair AO 

and a carbon 2pw-AO on the xy plane perpendieular to the 

C-N bond. The angle 0 is indieated.. (B)„ The "perpendieular" 

sti,~ucture of tetraaminoethylenes. Only the N C CN                                         2 2 -

skeleton and rour lone-pairorbitals are illuätrated.
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is somewhat similar, although there is a geometrical 

restriction of cyclization for the twisting motions. 

In order to describe various conformations, let us start from 

the "perpendieular" structure, In which all lone
,-pair 

orbitals lie on the N 2 C = CN 2 plane in the manner as 

shown in Fig. 6 (B), ..and construct all other conformations 

by twisting dialkylamino groups about the C-N bonds with 

angles of 6j, where i(=1,2,3,4) is numbering of dialkyl-

amino groups as shown in Fig. 6(B). The angle 0 is 

defined so as to have a positive value on twisting the 

lone-pair orbital upwards. 

     The ealculation has been mäde for various possible 

conformations, i.e.. at various 6, valueb „~ach independent 

of ot hers. Part of the results obtained are shown in 

Fig. 7. Here, the molecular orbital energies are plotted 

as a funetion of 6-for two types of conformations: (a), 

ei = 6 3 -6 2 = -6 4 (=O) and (b), ei = 64 2 = -6 3 (=O). 

Each of these two types of conformations, espeeially (a), 

is expeeted to have the least sterie repulsion between 

the methyl groups. The orbital energies of the four lone-

pair orbitals are split by the direct N-N interaction 

into those of four MO's at the "pei,~,-~(,-ndieular" structure 

(6 = 01). As the angle 6 increases, this N-N interaction 

deereases, while the interaction between N and ir c becomes 

important. Consequently$ somewhat complicated c .urves
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Each molecular orbital energy is plotted as a funetion 

    ., for two types of conformations, (a) and (b). The of 0 

Slaterls parameter (Ii) used is
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with several eross-pointe are obtained, as seeh in Fig, 7-

      Of the six MO's, which are,numbered at 6 = 00 as 

.shown in Fig. 7s the lower five are filled with eleetrons, 

and only the highest is vacant. Allowed transiitions under 

the approximation described in the Appendix16) are indie ated by 

arrows in Fig- 7; those having strong transition moments 

by thick arrows and those having weak transition moments 

by thin arrows. Arrows with dotted lines indieate those 

with negligibly small transition probabilities. The transition ., 

probabilities are found to depend strongly on 6. From the 

coniid'eration of steric hindrances, it is assumed that the 

allowable region of 6 for TMAE is from 00 ,to 300 and that 

for TMBI from 50' to 70'3 which are marked by hatehing for 

the conformation (a) in Fig. 7. 

      The results obtained are summarized as follows. 

(1) The.energy of the highest filled MO is nearly the 

same in the two regions; 6= 0' - 301 and 500 - 700, as seen 

from Fig. 7. (Inversion of the*highest filled MOqs occurs 

for the conforniation (b». This result agrees with the 

observation that TMAE and TMBI have almost equal ionization 

potentials. The.low ionization potentials of these molecules 

compared with the alkylamine and ethylene seem to be eaused 

mainly by the direct N-N interaction for TMAE and mainly 

                                  17) by the C-N reso .nance interaction for TMBI. 

(2) It is coneluded in the previous seetion that the
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first band of TMAE (Fig 1) is of Rydberg na-ture.' From 

the results-of caleulation made for the conformation'(a) 

in the region 00'-< 0 ;~; 300, it is shown that the 6 e 1 

transition indicated in Fig.,7 is mainly of the n4ture. 

of w-n transition in the ethylenie group and is therefore 

very strong. The*transitions .,- 6 <- 5 and 6 <- 2, are shown 

to - be forbidden at 9-= 00 but become considerably strong 

near 0 = 300. 16) The theoretieal predietions for the relative 

intensities of these three transitions agree fairly well 

with those observed for the second, third and fourth bands 

in the TMAE absorption spec~trum., thou ,gh they are made somewhat 

ambiguous owing to the presence of the underlying coritinuum." 

as mentioned in the preceding seetion. The transition, 

6 <- 4, is predicted to be negligibly weak, and is probably 

hidden by other strong bands. Similar good agreements are 

also found for the conformation (b) in the region 0'-< 6 4-300. 

(3) In the region 500-z 700, the transition energies 

are m.uch larger than the corresponding transition energies at 

0 0' - 301 both for the conformations (a) and (b). This 

explains very nicely the marked blue-shift of absorptio.n 

bands observed for TMBI compared with those for TMAE, since 

it has been coneluded in the previous seetion that the 

50.5 kK band of TMBI corresponds to the lowest allowed 

valence transition (6e- 5 in Fig. 7(a) or 6<- Li in Fig. 7(b».   

, 
TMAE and TMBI have bäen assumed to take the structure
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represented by either the conformation (a) or the conformation 

(b). These two con~ormations are expeeted to b*e preferred 

owing to their least sterie repulsions between methyl groups. 

It rdight be possible, however, that TMAE and TMBI %take 

structures represented by mixtures of these two and other 

conformations with the less sterie repulsions between the 

methyl groups. Even in such eases, the above-mentioned 

conclusion is not substantially altered. 

                        Discussion 

     The above mentioned ealeulated and observed resulte 

seem to provide fairly convineing expla nation as t p the 

questi.on why TMAE and TMBI have nearly the same ionization 

potentials (Ipls), though they are expeeted to have different 

conformations. 

     Though the first vertical. Ipls of TMAE and TMBI are 

easy to determine from the a rel curves, only the upper, i 

limits are obtained for the adiabatie IpIs. It seems, 

however, very likely from the following consideration 

that these observed limits lie close to the true ad~abatie 

Ipls. The nuelear configuration of TMAE in the Rydberg etate 

is expeeted to be similar to that of the positive ion, 

as pointed out for ethylene. 11) Therefore, the difference 

between the adiabatie and vertical. energies for the 

Rydberg transition will be nearly equal to that for the
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 ionization. The.difference between the vertioal and 

 adiabatie energies for the first Rydberg transition of 

 TMAE is estimated fairly accurately to be about 0.6 eVs 

 beeause the adiabatic energy for this transition ean be 

 obtained from the overlapping part of the'absorption and 

 fluorescence spectra. The difference between the observed 

 11.mit for the adiabatie Ip and the vertieal lp determined 

 in the present work for TMAE is about 0.7 eV as seen from 

 Table 1, which is in fairly good agreement with the difference 

 between vertieal and adiabatic energies of the first 

 Rydb.erg transition. 

      The large differences between the vertieal and adiabatie 

 TPIs for both TMAE and TMBI should be attribut ,able to large 

 change of the molecular conformations upon ionization. 

 It is suggested that TMAE + has nearly "planar" structure 

 from the ESR spectroscopic studies. 4, 18) It must also 

 be pointed out that a large difference (,--0.7 eV) was, 

 reported even for aliphatie amines,13) p ossibly because 

 of the change of the molecular shapes from the pyramidal 

 structures to the planar. 

     The first band of TMAE and a riuaiber of low-lying 

bands of TMBI have assigned to the Rydberg bands on the 

 basis of their characteristie behaviors in solutions 

 compared with those in the vapor. The higher series for 

TMAE may be covered by the stonger second band corresponding
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 to the transition to the valence state. These unuaually 

 low-lying Rydberg states for tetraaminoethylenes are 

 naturally expeeted from their~very low Ipls. 

      The term values of Rydberg'states in molecules fali 

 int .o a series, expressed in the form, 

          T = R Z 2 /(n*) 2 = R Z 2 /(n 2 

 where, Z is the charge on the core, R the Rydberg constant ., 

 n* the effective prineipal quantum number. From this 

 equation, and using the adiabatie Ip and the wavelength 

 at-the center of the overlap betweeh the first absorption 

band.,and the fluorescence spectrum, n* is ealeulated to he 

 2.3. lf this band is assumed to be the first member of the 

ll series (n = 3), 6 then becomes 0.7. The em~irical d-values 

 reported for the Rydb-erg series of molecules built-up 

 from atoms of the first period are 0.9 - 1.2 for ns-series, 

 0.3 " 0.5 for np-series and 0.1 for nd-series.19) Deviation 

 of the quantum defect, 8, for the first Rydberg state 

 of TMAE from either those for ns or np-series, as seen 

 above, may be attributable to the large departure of the 

 cor,e potential from spherical symmetry. The size of the 

 Rydberg MO can be roughly estimated from the equation, 

           2 0  r
. (n - e) a 0 /Z. where a 0 is 0.529 A and r 0 is the 

 r-value at which the radial density has its maximum. r 0 

0 2.9 A is obtained for the first Rydberg state of TMAE. 

 On the other hand, it is,thought that the positive charge
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of the core is located mainly on the four equivalent . 

N atoms .. since the highest filled MO consists mainly 

of the four lone-pair orbitals on the N atoms. The size 

of the core is, therefore ., comparable with r obtained 0 

above, sinee the,N-N distances of TMAE are about 2.7 and 

2.4 A. 

0 

     A large Stokes' shift between the first absorption 

and fluorescence bands is observed for TMAE. This large 

.Stokes' shift was attri.buted by some authors to the 

conformational change of the fluore ,seent state of TMAE 

from.the,ground state, in the former of which the two 

N 2 C halves are assumed to be perpendicular to each other 

                         4, 9) in the N 
2 C = CN 2 skeleton. This explanation seems 

to assume that the first band is , due to a ff-n* type 

transition. As discussed in the foregoing of this section, 

however, it seerns more likely that the fluoreseen~ state 

takes a structure „-iimilai, to TMAE in which the planarity 

of the skeleton Is mal.ntal.ned.



                     (32) 

                         Appendix. 

     A simple LCAO MO theory is used In this work. Normalized 

symmetry orbitals, Ei, are first constructed as follows, 

    91 (2 + 2S cc)-1/2 (kCa + XCb) 

                112     9
2 (2 - 2S cc)- (XCa XCb) 

     Z 3 2-1 (XN1 + -XN2 + XN3 XN4) 

     94 2-1 (XN1 + XN2 - XN3 XN4) 

     95 2- 1 (XN1 - XN2 - XN-3 XN4) 

    96 2-1 (XN1 - XN2 + XN3 XN11) 

where XCa and XCb indicate the two 2pn-AO's on the C atoms 

of the C=C group and XNi the lone-pair AO on,.the i ,-th N 

atom (Fig. 6(B». The MO's of the whole molecule, e„ are, 

then, expressed as follows, 

     e = E eiEi 

where c i is a proper coeffieient. The overlap integrals, 

S NN and S CN , are neglected, while SCC Is ineluded and taken 

to be 0.257. 

     The two matrix elements, H 11 and H 22 (Hii fgiHgidT 

where H indicates the effective one-electrön Hamiltonian 

of the whole molecule), are assumed to be equal to - 10.5 

and - 3.0 eV, respectively, empirically from the ionizatio .n 

potential and the excitation energy to the first excited 

singlet su ) state of ethylene. The four matrix elements, 

H 33' H44-, H 55 and H 66 , are given as simple sums of the 

ni trogen Coulomb integral, 
-aN , and various resonance
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integrals betw ,een two nitrogen atoms, ß NN* CL N is taken to 

be - 8.0 eV from the vertieal ionization potentia1 estimated 

for N(C 2 H 5 ) 3* The ß NN Is are found to play an important 

role in the case of TMAE and included in the caleulation,-

although they were neglected in the MO Qalculations made for 

TMAE previously. 4) These integrals are caleulated fro'm 

the equations of the type, ß NN '2 S NN(ßcc /S cc ), where S NN 

~is the overlap integral between two nitrogen atoms.,and 

ßcc and S cc are taken .to be '- 3.8 eV änd 0.257, respectively. 

The caleulation of S is macle by the ttse of Mulliken's                   NN 

table. 20) The Slaterls para meter (11 = Z /n*) for a nitrogen                                        eff 

2p AO ealeulated by ordinary Slaterls rule is 1.95. However, 

• little smaller value may be more suited ~or a p value of 

• nitrogen lone-pair AO. In the present work, ealeulations 

were mad .e using two p values of 1.95 and 1.80. It turned out 

that there was almost no substantial difference between the 

results obtained for the two V values. The off-diagonal 

matrix elements„ H ij (1 0 j), are expressed in terms of 

ßCN-9 the resonance integral between the adjacent C and N 

atoms, which is ealeulated from the equation, 0 CN = 0.8ß..sine, 

where ß cc is taken to be - 2.5 eV by considering that the 

C-N distance is longer than the C=C distance of ethylene 

and 6 is the twisting angle of the dialkylamino group defined 

before. The other parameters used are as f'öllöws; the bond 
                                    0 0 

distance, R(C=C) z 1.34 A, R(=C-N) = 1.37 A and the bond
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angle, ZNCN = ZNCC = 1200. 

     Transition moments are caleulated.by assuming'fX rX dT m 0                                                p q 

if p The center' of the charge denßity of the lone-pair 

AO is assumed to lie at 0.3 A away from the nitrogen neuelet~s 

in the direction of the sp3 hybrid orbital.
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                   Chapter II 

Photo-Ionization and Rydberg States of Tetraamino-

ethylenes in Organic Solutions

                           Summary 

     Absorption and emission speetra and photo-ionization 

eurves of tetrakis-(dimethylamino)-ethylene, (TMAE)i 

in some organie solvents have been measured. It has been 

found that the ionization threstiolds for TMAE in n-pentane 

and benzene at 25oC„lie around 4.20 0.15 and 4-4.10 

0.15 eV, respectively, from which the energies of the 

excess electrons in these solvents are estimated to be 

slightly less than that of the free eleetron in vaeuum 

(about - 0.2 eV in n-pentane). For TMAE in ether, an 

additional weak photo-current has been observed in the 

lower energy region, probably attributable to spontaneous 

formation of solvated electrons from the Rydberg states 

of TMAE in ether. Recombination processes from the Rydberg 

states and the ionization continuum to the fluoreseent
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state have also been coneluded to occur from the fluoreseence 

excitation spectrum. The Rydberg nature of the fluoreseent 

state of TMAE, a conclusion which is consistent with the 

behavior of the first absorption band, has been deduce(1 

from the charaeteristic behaviors of the fluorescence 

spectra against the solvent rigidity and polarity. The 

fluorescence speetruni of TMAE In benzene has been tentatively 

assigned to a transition from a charge transferstate, 

where benzene molecules around TMAE act as electron 

acceptors.

                   Introduction 

     The photo-electron ejection from tetramethyl.-p-

phenylenediamine (TMPD) in rigid or fluid hydrocarbons 

occurs sometimes by the two-step, biphotonic processes 

with the lowest triplet state as the intermediate. 1-4) 

Cadogan and Albrecht determined the ionization threshold 

for TMPD in 3-methylpentane at 770K, by monitoring the 

eation . production spectroscopically, to be 5.9 eV, 5) only 

a little lower than the gas-phase, adiabatic ionizatioh 

potential ( <6.20 eV). 6, 7) They also reported that a 

weak, isotropie absorption from the triplet state extended 

from 380 to 470 nm, and interpreted it as due to the
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transitions from the triplet state to the pseudo-Rydberg 

states. 8) Very recently, the Ionization thresholds of 

TMPD in fluid n-hexane and tetramethylsJ.Iane were reported 

to be about 4.5 eV or higher from photo-cur-rent measurements 

by using monochromat'ic light.3) 

      The photo-ionization phenomena of orgai.-iie molecules 

in polar solvents are more complicated. Ra~her conflieting 

reports have been made by many investigators.9-15) Recently, 

Ottolenghi summarized these data and proposed a mechanism 

in,which two-step, biphotonic processes with the Ilsemi-

                                       15) ionized" state as the intermediate take place. 

      Recent observation of transient photo-currents induced 

by laser illumination in several fluid silan'es and hydro-

earbons sho .wed the appearance of photo-ejected eleetrons 

with re .latively high mobilities, 0.02 - 93 cm 2 v- 1 sec-1.3) 

Similar results have been observed by u-Ither techniques. 16) 

The formation of mobile (or "dry") ele,~-,trons as precursors 

of trapped or solvated electrons both in polar rigid 

matrices at 771K and in water at room temperature has 

also been proposed as a result of the radiolysis of these 

fluids or matrices..17) 

     The study of the Rydberg states in relation with the 

ionization continua in amorphous media seems to be of 

                                           18) growin
g importance, but still undeveloped at present. 

Recently, it was repor ted that the lowest Rydberg states
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of ethylene, acethylene and benzene were observed in rare 

gas matrices at 200 or 40 OK.19 , 20 The absorption bands 

corresponding to the transitions to these states showed 

appreciable blue-shifts relative to those in the gas phase, 

and the results were interpreted in a similar way as those 

for the atomic impuri -ties in rare gas solids. 21) A new 

band appearing at 1612 A in a benzene-krypton system at 

40 OK was also tentatively assigned to the transition to 

an n=3 Wannier state of the benzene impurity, from which 

the ionization threshold was estimated to lie at about 

7.75 eV„ 19) about 2.0 eV lower than the gas phase-ionization 

potential. Similar blue-shifts (or apparent disappearances) 

were observed for the absorption bands of alkyl-substituted 

ethylenes 22) and.other small organie compounds 23) in the 

form of thin films or organie glasses, and for some bands 

                                                   22$24) of organic molecules in inert gases at high pressures
, 

and were attributed to the Rydberg nature of these bands. 

It was also reported that the large red-shifts in the 

fluorescence spectra of alkylamines in polar solvents could 

be explained as due to solvation for the Rydberg fluoreseent 

states. 25) 

      The author found that tetrakis-(dimethylamino)-

ethylene, (TMAE), has remarkably low gas-phase i ,onizat-ion 

potential of about 5.4 eV together with very low-lying 

Rydberg states.7.26) In this chapter lie io going to present
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and discuss the results of measurements of absorption 

and emission spectra and photo-ionization eurves of TMAE 

in organie solutions.

                      Experimental 

     The preparation-and handling of TMAE, which is 

highly reac-t-,ive with atrilosplieric oxygen, were deseribed 

         26) previously. n-Pentane, isopentane and methyleyelohexat~ie 

were also purified in the same way as described previously. 26) 

Ether was purified by shaking with a 10 % sodium bisulfite 

solution for two hours, then washed successively with 

0.5-% sodium hydroxide, dilute sulfurie aeid and saturated 

sodium chloride solutions, dried with ealcium chloride, 

refluxed with sodium wire and distilled through a Widmer 

column. Tetrahydrofuran was left overnight in contact 

with sodium wire, refluxed for several hours with new 

wire and distilled through a Widmer column. Commercially 

available benzene was purified by shalcing successively 

with concentrated sulfurie acid until free from coloring, 

then washed with water, dilute sodium hydroxide and water, 

followed by drying with caleium chloride. The benzene ,was 

crystallized three times in ice-water bath; one-fourth 

was discarded each time as unfrozen liquid. It was then 

dried with sodium wire and distilled through a Widmer 

column. These solvents were further dried with sodium
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mirrors in ampoules connected to a vacuum line just before 

use. The air contained in solvents was removed before TMAE 

was dissolved. 

      Absorption spectra were measured with a Cary Model 15 

spectrophotometer. Emission spectra were measured with an 

Kmineo-Bowman spectropliotofluorimetei,. Steady state photo-

eurrents were measured as functions of photon energy. 

A 500 W Xenon de lamp and a Shimadzu grating monochromator 

 (F-3.5) were used for the photo-ionization. The half-width 

-of the monochromatized light was normally 10 or'5 nm . 

Toshiba glass filters were used in front of sample cells 

when required to remove higher order or scattered light. 

The speetral distribution of the light intensity at the 

cell position wa's determined by use of a photomultiplier 

coated with sodium salieylate thin film. A quartz sample 

cell with two platinum-plate eleetrodes (10 X 40 mm) 

held parallel to each other by tungsten wire-glass seals 

was used for the measurements of both photo-currents 

and absorption speetra, from which relative concentrations 

of TMAE were determined. The measurements of steady state 

eurrents were made with a commeilcial picoammeter.

                      Results 

     Absorption and fluorescence speetra of TMAE in 

various solvents and in the gas-phase are shown in Fig. 1.
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Fig. 1 Absorption and fluore,scence spectra of TMAE; 

curve 1 for the vapor, eurve 2 for the MP solution, eurve 

3 for the ether solution and eurve 4 for the THF solution. 

Fluor .escence intensities are normalized at the fluorescence 

peaks (see text), and are correeted for the spectral 

sensitivity curve of the photomultiplier used. Excitation 

wavelengths range from 390 to 250 nm, on which the 

positions and shapes of fluoreseence spectra do ilot depend.
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It should be noted that the absorption spectra in MP, 

ether and tetrahydrofuran (THF) are almost identioal 

with each other though the spectrum in THF is not included 

in Fig. 1 to avoid complication. Here, MP is a mixed 

solvent consisting of methylcyclohexane and isopentane 

in a volume ratio of 1 : 1. The shoulder of the Sas 

absorption spectrum at about*350 nm seems to be blue-shifted 

in the solution spectrum. The absorption speetra in the 

gas phase and in the MP solution have been already deseribe,d 

and discussed in a previous chapter. 

      The fluorescene spectrum in the gas-phase shows a 

maximum at 477 nm and is rather strong. The fluoreseence 

spectrum in the MP solution is also fairly intense and 

shows slight red-shift relative to that in the gas-phase. 

In polar solvent2, however, the fluoreseence speetra 

show large red-shift in the fluoreseence maximum (X 
max 

486 nm ('MP), 514 nm (ether) and 564 nm (THP» and remarkable 

deerease in emission intensity (the relative fluoreseence 

intensities in MP, ether and THF are roughly 1.00 : 0.2 0.1 

  0.05 - 0.01, respectively). These tendeneies become 

stronger with growing solvent polarity. The fluoreseence 

spectra of TMAE reported in papers on the chemilumineseent 

                          27,28) reaetion of TMAE with oxygen show rel,-it;ively good 

agreementswith the present data. 

     Temperature effects on the absorption and fluoreseence
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speetra of TMAE in the MP solution are shown in Fig. 2. 

The first absorption band shown as a shoulder at Poom 

temperat.ure is apparently missing in the MP rigid' glass 

at 770K. The fluoreseence speetrum at 77oK shows large 

blue-shift (X ma x at 770K is 11141 nm) relative to that at 

room temperature, the intensity being nearly the same. 

      Absorption and fluoreseence spectra of TMAE in 

benzene at room temperature are shown .in Fig. 3, together 

with those in MP. The absorption spectrum in benzene 

has a definite shoulder in the region of 290 to 350 nm, 

compared with that in MP. The fluorescence speetrum in 

benzene (X 424 nm) shows remarkable blue-shift            max 

relative to that in MP or in the gas phase. The fluoreseene 

intensity in benzene is somewhat weaker than .that in MP. 

     Photo-currents for TMAE measured with steady illumi-

nation'both in n-pentane and in ether are shown as funetions 

of photon energy in Fig. 4, where the photo-current seale 

is normalized by dividing ph oto-currents by the intensit,y 

of illumination at each wavelength. As the photo-current 

for TMAE in n-pentane increases with photon energy rather 

gradually, it is difficult to determine the photo-current 

threshold accurately. The photo-current threshold for 

TMAE as determined from the .present result Is 4.20 t 0.15 eV 

                  29) in 
n-pentane at 250c. 

     The photo-ionization eurve for TMAt In ether at . 250C
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Fig. 2 Temperature effects on the absorption and fluo-

rescent speetra of TMAE; curve 1 for the MP solution at 

room temperature and curve 2 for the same at 771>K. Spectra 

are illustrated in the same way as in Fig. 1.
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Fig. 4 Photo-ionization eurves of TMAE in solutions; 

eurve 1 for the n-pentane solution and eurve 2 for the ether 

solution. I and i p are the light Intensity for ex eitation 

and the photo-current, respectively. The photo-current 

observed at the threshold, indieated by an arrow for the 

n-pentane solution, is about 2 x 10-13 A. Experimental 

points are denoted by eireles. The half-width of light for. 

the excitation is 10 nm. The eleetric field applied is ca. 

400 V/cm.
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shows considerable red-shift compared with that In n-pentane. 

2 It is .to be noted that much larger ph~to-currents are 

observed in ether than in n-pentane„ e.g...the ratio of 

the photo-current observed in ether to that in n-pentane 

at 270 nm is about,1000 in the same experimental condition. 

      It should be mentioned that the photo-current values 

.shown in:Fig. 4 involve the effect of the recombination 

processes of charge carriers. 

      The photo-current for TMAE in benzene has also been 

measured. The ionization threshold at 250C is determined 

                                      29) to be -,1-4 .10 ± 0..15 eV from the present work. As the 

threshold lies very close to the onset of absorption of 

benzene, the p'hotö-current ean be measured in a very limited 

range of wavelengths;

                      Discussion 

      Ion ization Thresholds in Non-Polar Solvents. 

The potential energy for an electron ejeeted from a solute 

molecule into a non-polar solvent can be set as follows, 

       V(r) e 2 /E:r + VS 

where r Is the distance between the eleetron and the 

center of the parent cätion, c the high-frequeney dieleetrie 

constant of the solvent and Vs the potentiai energy of 

the electron due to the randomly oriented solvent. In the 

region where r is very large,
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       V(r) =. VS (2) 

     The ionization threshold for a solute molecule, M, 

in a solution, Is(M), might be defined as the excit>ation 

energy from the ground state of M to the bottom of the 

"ioniza I tion continuum„ .30) Let us designate the energy 

of the,electron lying at the bottom of the ionization 

continuum30) with respect to that of a free electron 

at rest in vacuum as E 0 (e). I (M) can be related with 
                          s s 

the gas phase ionization potential of M, I (M), as follows 
9 

(Fig. 5). 

      I (M) = I (M) + S(M) - S(M+) + Eo(e), (3)         S 9 s 

where S(M) is a solvation energy for M due to eleetronie 

polarization of the solvent and S(M ) that for the eation, 

m +, Thereare "Rydb'erg" states or "Wannier-type exciton" 

states below the ionization continuum in the solution, 

which are the states of the cation-eleetron pair bound 

2 loosely by the Coulomb potential
,-e /er. Only the lowest 

Rydberg state is indicated in Fig. 5. 

      The photo-current ean be observed when a solute molecule 

is directly excited to the ionization continuum, whereas 

no photo-current should be observed whe ,n the solute Is 

excited to the Rydberg states. The ionization threshold, 

.i s (M), can, therefore, be determined experimentally from 

the threshold of the photo-current. 31) 

      Free-charge earriers might.be formed in some cases by-
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auto-ionization from diserete states lying above the 

ionization threshold to which the solute is first excited. 

For TMAE in n-pentane, the photo- current ean be observed 

from ca. 295 nm, whereas the photo-ionization eurve has 

no correlation with the absorption band observed at 270 nm 

in the'same solution-, as seen from . Figs. 1 and 4. If 

the' auto-ionization were-to occur from the excited state 

corresponding to the 270 nm band, some swelling should 

be.found in the photo-ionization eurve at around 270 nm. 

Therefore, 4he photo-current for TMAE in n-pentane in 

this region seems to be due to the direct transition from 

the ground statö of TMAE to the ionization continuum. 

     It is of great interest to note that Eo(e), the 

S ground state energy of the excess electron in n-pentane, 

ean be estimated from our experimental values by using 

Equation (3). Taking 5.4 eV for 1 9 7,26) and 4. 2 eV for 

is3 from the present results, and also estimating S(TMAE) 

to be 0.1 eV from heats of solutions of amino-compounds 

and S(TMAE + ) to be 1.1 eV by applying the Born equation, 

where TMAE+ is assumed to be a sphere of radius 3 JOK, then 

Eo(e) 0.2 eV is obtained. Similarly, the valug 

of Eo(e) in benzene can be estimated to be about - 0.1 eV 

by using 4.1 eV as IS , for TMAE in benzene.'As discussed 

later, Eo(e) in ether prior to dipole relaxation also 

S seems to be nearly equal to that in n-pentane.
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I

      Although there are some reports on the electron 

mobility in organic media,3,1 6) there have been no studies 

on another important quantity, the ground state energy 

of the excess eleetron in such media, EO(e). The present 

result is .. to my knowledge, the first of the direct 

                                   32) experimental derivation of such a quantity. The values 

of Eo(e) obtained might be qualitatively interpreted as 

s follows. It is thought that the excess electron in n-pentane 

spends most part of its time in narrow vacant spaces 

between n-pentane molecules, based on the large, negative 

electron affinity of n-pentane. The eleetron will, therefore, 

have large kinetie energy in n-pentane, as an eleetron 

in a small box has, which is compensated by long-range 

polarization energy for the electron. Thus, Eo(e) takes 

S a small.. negative value. Similar interpretation might be 

possible even for ether. 

      Benzene, unlike n-pentane, has lower vacant orbitals 

or, in other words, a small, negative electron affinity. 

It is also reported that benzene acts as an eleetron-trap 

in alkanes.33) The physical nature of the excess eleetron 

in benzene may, therefore, be appropriately represented 

as a.benzene anion whose site is moving from a benzene 

molecule to another. lf this is true, Eo(e) is approximated 

S as - EA(B) - S(B-), where EA(B) is the vertical eleetron-

affinity of benzene and S(B-) the solvation energy for the



( 55 )

benzene anion due to the electronie polarization of 

benzene. Assuming EA(B) to be from - 1.0 to - 1.5 eV,34) 

and estimating S(B-) to be 1.6 eV by use of the Born 

equatioh, Eo(e) - 0.1 to - 0.6 eV is got, which agrees 

S roughly with the observed value, 

     Ionization Thresholds in Polar Solvents. 

When charged species are generated in polar solvents, 

orientational polarization follows immediately. The 

potential energy for'the charged species, therefore, 

becomes a funetion of time, whose time constant is of 

the order of rotational motions of solvent molecules.35) 

As the electronic excitation processes are much faster 

thcLii such rotational motions, the excitation energies 

to the ionization threshold and the Rydberg states in 

polar solutions are regarded to be essentially the same 

as those in non-polar solutions. 

     The.photo-Ionization curve of TMAE in ether cah be 

divided into two parts from inspection of Fig. 4; (g), 

a steeply rising part in the region higher than 35 kK, 

and (b), a shoulder in the lower energy region (35 - 25 kK). 

These two parts can be tentatively interpreted as fol.lows: 

Part (a), due to the direct transition to the ionization 

continuum and Part (b) due to the spontaneous formation of 

solvated electrons from the Rydberg states of TMAE. 

     According to this interpretation, the photo-ejection
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process in part (a) ean be deseibed as follows, 

       M hv > M + + e- (4) 

                            M solv e- s
olv 

Here, e- means a mobile, not solvated, eleetron in the 

ionization continuum in ether. The photo-current threshold 

in.part (a) should correspond to the bottom of the ionizati .on 

continuum of TMAE in ether in the Franck-Condon state, 

lying at around .35 kK, nearly equal to that in n-pentane. 

It can, therefore, be deduced that Eo(e) In ether is also 

s nearly equal to that in n-pentane, beeause S(M in ether 

and in n-pentane should ,be nearly equal to each other 

before relaxation. 

      The process of spontaneous formation of solvated 

electrons from the Rydberg states ean be deseribed as 

follows> 

       M(R F C M solv e- solv (5 1) 

where M(R FC ).indicates molecule M in the Franck-Condon, 

Rydberg state. The process (5) includes trapping and 

solvation of the Rydberg electron whose orbital extends 

over solvent molecules, accompanied by their orientational 

motions.2he energy required for the separation of the 

cation and electron is comperisated by the sölvation. 

energies for,them. Such a process is expeeted only in 

polar solutions and is interesting from the view-point of 

additional lowering of the ionization energies in polar
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solvents, though the yield is not so large compared with 

that due to the*direct transition to the ionization 

continuum. 

     It is to be noted here that the fluoreseence 

excitation speetrum was found to extend up to higher 

energy regions, even beyond the ionization threshold 

for TMAE in ether (also in,n-pentane . and THF)~6 ) Thie 

suggests the presence of another process (6), 

       M . (R m          FC fi 

where M indieates molecule M in the tluoreseent state       fi 

Process (6) ean be regarded as a sort of recombination 

luminescence. It is a process competing with process 

eausing weak fluorescence in polar solvents. 

     Solvent Effects on the Lowest Rydberg State. 

The first absorption band of TMAE shown as a shoulder 

at 350 nm has been assigned previously 26) to the transition 

to the lowest Rydberg state, mainly from the blue-shift of 

the absorption bands in solutions relative to that in 

the gas phase. The fluorescence speetrum of TMAE deseribed 

in this chapter can be concluded to originate from this 

lowest Rydberg state, based on the wavelength correlation 

between the first absorption band and fluoreseence speetrum 

in the gas phase. It must be mentioned that,such a lowest 

Rydberg state should be regarded as a state of Ilmixed 

valence shell-Rydberg character", st rongly affeeted by
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the core structure, as seen from the large quantum defeet 6 

of 0.7 and from the relatively small size of the Rydberg 

0 orbital (r max = 2.9 A) , described in the PreViOUS chapter. 

     The blue-shift (or apparent disappearance) of the 

first absorption band in solutions relative to that in 

the gas phase shows that the energy, of the Franck-Condon, 

Rydberg state in solutions is higher than that in the 

gas phase, as shown in Fig. 5. This blue-shift might be 

ea:used-by repulsive interactions between the electron in 

                                37) ' the Rydberg orbital and solvent molecules
, as mentioned 

qualitatively before. The more drastie change of the first 

absorption band in the MP rigid glass at 770K compared 

with that in MP at room temperature is attributed to the 

increase of the density of the solvent MP at 77oK relative 

to that at room temperature. 

     The behaviors of fluorescence speetra in solutions 

ean be explained as follows. In the non-polar solution at 

room temperature, it seems that the relaxation process of 

the solvent from the Franck-Condon state to the'equilibrium 

fluoreseent state leads to the expansion of the eavity 

within which the molecule in the Rydberg state is situated, 

so as to lower the repulsion between the solvent molecules 

and the electron in the Rydberg orbital. Thus, the fluoreseence 

speetrum in the non-polar solütion at room temperature 

appears in almost the same region of wavelength as that
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,in the gas phase. As such a relaxation process of the 

solvent is restricted in the rigid glass at 770K, the 

fluorescence speetrum at 770K is predieted to be at 

shorter wavelengths than .the gas-phase speetrum, in 

agreement . with the observation. 

     Another interesting feature is the large red-shift 

of fluoreseence speetrum as the solvent becomes more polar. 

This is explained in terms of large stabiliz .ation due to 

the solvation of TMAE in .the lowest Rydberg state, accompanied 

by the orientation of the solvents around the emitting 

molecule. A similar large red-shift has already been 

reported for the fluorescence of aliphatie amines in polar 

solvents, and explained in the same way. 25) It is to be 

noted that this Ilsolvated Rydberg state" may be close to the 

Itsemi-ionized state" proposed ab a photo -active intermediate 

in polar s'olvents by Ottolenghi.llc,15) 

      Ben'zene Solutions .of TMAE. The result 

that the fluorescence spectrum of TMAE in benzene is 

apparently blue-shifted from that in the gas phase does 

not seem to be consistent with the reasonings made above. 

The absorption speetrum of this system shows a definite 

shoulder around 320 nm that is not found in the spectra for 

other solvents. These abnormalities j-or benzene~ are tentatively 

interpreted as being caused by a CT interaction between 

TMAE as a donor and benzene as an acceptor. The contaet CT
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absorption bands between TMAE and aromatie hydrocarbons 

such as pyrene, anthracene and perylene were observed at 

around.2.5 eV. 38) Since the difference of electron affinities 

between benzene and these aromatic hydrocarbons is estimated 

to be about 1.0 - 2.0 eV, 34,39) the contaet CT absorption , 

band between TMAE and benzene ean be Predieted to be at 

        3.5 to 4.5 eV (or 3.50 to 280 nm), in good agreement 

with the position of the"shoulder appearing in the 

absorption speetrum.-The fluorescence speetrum seems to 

correspond well with this shoulder. 

      Based on the CT interaction above mentioned, schematie 

potential energy curves for TMAE in contact with a benzene 

molecule are shown in Fig. 6. The potential energy for the 

M ... B pair arises from the normal van der Waals force and 

exchange repulsion force. For the R l*- B pair with the 

effective size of R 1 much larger than that of M, the 

repulsive exchange energy37) sets in at distances larger 

than that for the M... B pair, as shown in Fig. 6. In the MP 

solution.. the"potential energy eurve for TMAE In the Rydberg 

state in contact with the solvent molecule is thought to be 

similar to the R ... B curve and it explains the blue-shift 1 

of the first absorption band compared with the gas-phase 

speetrum. On excitation, the relaxation prodess of the 

solvent schematically shown by an arrow with a dotted line 

in Fig. 6 takes place and, as theresult, the fluorescence



( 61 )

VOM

i- -

v v 

QV1 
v'

h\
Z4L..

Z.~ - ,%.n

m+ + B-

Ri + B

B

R (M ..... B)

Fig. 6 Schematie potential energy curves for TMAE in 

benzene as a simple two-body problem. Here, M, R 1 and M 

are the ground state, the first Rydberg state and the eation 

of TMAE, respectively. B is the ground state of benzene and 

B- the benzene anion. R(M ... B) means the distance between 

the TMAE and the'nearest benzene molecule. The range of 

R(M ... B) expected in the benzene solution of TMAE is indicated 

by hatching.
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spectrum in MP does not shift appreciably from*that in 

the gas phase. In the benzene solution, however, the CT 

configuration (M + ...B-) will play an important role at 

small distances, whose potential eurve probably eross 

that for (R l- B) .. Thus, a potential minimum is expeeted 

to exist in the excited state. In the region of proper 

(M ... B) distances, indieated by hatching in Fig. 6, excitäd 

TMAE will fall into the potential minimum, from which the 

fluoreseence is emitted. If the potential minimum is 

higher than the energy of separated states, (Ri + B)» 

the apparent blue-shift of the fluoreseence is to be 

observed. A lthough the establishment of the above inter-

pretation needs furt her work, this TMAE-benzene system 

seems to offer an interesting example for the study on 

the relation between the Rydber*g state in the solution 

and the contact CT (or CT to solvent) state.
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