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Abstract: Fluorescence and charge carrier photogeneration efficiency of X-metal-free phthalocyanine (X-H2Pc) surface doped 
with 2,4,7-trinitrofluorenone (TNF) have been examined. The carrier generation efficiency increased with an increase in TNF 
concentration, while the fluorescence was quenched. The data are interpreted in terms of singlet exciton diffusion to the surface 
of X-H2Pc particles followed by exciplex formation at the electron-acceptor site. Subsequent exciplex dissociation into charge 
carriers increases the carrier photogeneration efficiency by as much as a factor of 3. Light was converted into useful work 
by a photoinduced electron transfer reaction at the surface of an organic semiconductor, S, such as S* + Q -» S+ + Q". Charge 
separation at the semiconductor surface under the influence of a photovoltaic barrier potential prevented the usually fast 
back-reaction (charge recombination). Changes in the photogeneration efficiency and fluorescence of X-H2Pc were found 
also on doping with electron acceptors such as o-chloranil, tetracyanoethylene, and tetracyanodimethane as well as with electron 
donors such as tetramethyl-p-phenylenediamine and Ar,7V'-diphenyl-7V,Ar'-di(m-tolyl)-p-benzidine. 

Introduction 

A number of studies have indicated that the conductivity of 
organic semiconductors may be significantly altered by the 
presence of impurity materials.2" For example, Calvin, Kearns, 
and Tollin2b have shown that the addition of o-chloranil to the 
surface of films of metal-free phthalocyanine (H2Pc) increases 
the dark conductivity by as much as 107 and increases the 
steady-state photoconductivity by 105. Similarly, the effects of 
oxygen, chlorine, and many other oxidizing agents (electron ac
ceptors) on the conductivity of a number of aromatic hydrocarbons, 
including phthalocyanines, have been examined. These effects 
have been interpreted as due to an increase in the mobility of 
charge carriers caused by the oxidizing agent. 

The interest in the effect of electron acceptors on the photo
conductivity of organic semiconductors stems from the fact that 
aggregates of porphyrin-like molecules (i.e., chlorophyll) and 
oxidizing agents, such as quinones, coenzyme Q, etc., as well as 
reducing agents (e.g., carotenoids), occur together in photosyn-
thetic systems, and their interaction may be of importance in the 
primary quantum conversion process. 

The fluorescence emission of polycrystalline powders of met
al-free phthalocyanine (analogue of chlorophyll) has recently been 
reported.3 The observation of luminescence of solid H2Pc can 
be a useful probe of charge carrier photogeneration.4 The 
polycrystalline X form of H2Pc exhibits unique electrical and 
photoelectrical properties.5 A charge carrier photogeneration 
efficiency of 0.25 at an internal field of 30 V/jtm has been observed 
in X-H2Pc Schottky barrier sandwich cells.6 

Based on electric-field-induced fluorescence quenching mea
surements on X-H2Pc, it has been suggested that the first excited 
singlet state of H2Pc is the direct precursor of photogenerated 
charge carriers.4 A mechanism in which singlet excitons form 
geminate electron-hole pairs which dissociate into free carriers 
has been proposed.7 In this model, both the geminate ion pair 
generation and its dissociation into free carriers are assumed to 
be electric field dependent. 
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In this paper we report luminescence spectroscopic and pho
toelectric measurements on a series of X-H2Pc samples to which 
several oxidizing or reducing agents (electron acceptors or donors) 
were added. The objective of this work was to gain further 
understanding of the mechanisms of charge carrier photogener
ation in metal-free phthalocyanine. The combination of 
fluorescence quenching and photoconductivity measurements 
should yield insight which neither fluorescence quenching alone 
nor photoconductivity alone can provide unambiguously. 

Experimental Section 
The organic semiconductor used in the present studies was X-metal-

free phthalocyanine powder (Figure IA) which was obtained as de
scribed by Byrne and Kurz.8 The additives were applied to X-H2Pc 
powder by adding a known quantity of X-H2Pc to a methylene chloride 
solution of the additive. The slurry was ground in a mortar until all the 
solvent evaporated. The additive is thus distributed over the surface of 
the particles. The remaining solid was gently ground to a fine powder. 

The fluorescence spectra of powders placed in 2-mm-i.d. glass tubes 
were obtained using sample excitation with a 2.5-mW He-Ne laser (X 
6328 A). The sample luminescence was admitted to a 0.5-m McPherson 
double monochromator (1-jtm grating blaze) equipped with a cooled S-I 
response photomultiplier. The signal at 8150 A was measured with a 
photon-counting apparatus. Measurements were made at room tem
perature. 

The photoelectrical measurements were carried out on cells shown in 
Figure IB, in which a thin (1 urn.) film of X-H2Pc particles (60% by 
weight) dispersed in polyvinyl acetate) was sandwiched between NESA 
(Sn02/Sb, Pittsburgh Glass) and a semitransparent aluminum electrode 
(60-100 A), 740-10%). The electron-acceptor additives were added to 
the polymer matrix during the organic film fabrication process. Details 
of the device fabrication are described in ref 6. The samples were illu
minated from the aluminum side with 620-nm light. The light source 
was a 500-W Oriel Xe lamp equipped with a Ditric optics band-pass 
filter. A thin photoactive Schottky barrier region (~320 A) is formed 
at the Al/H2Pc interface, generating an internal field of about 35 V/Vm. 
No external bias potential was applied to the cells. The photocurrents, 
Jpi, were measured with a Keithley Model 616 electrometer. The inci
dent light intensity and the transmission of the Al electrode were mea
sured using an Alphametrics Model 1010 radiometer equipped with a 
PSl 100 calibrated light probe. 

The photogeneration efficiencies were calculated according to 

/ph (A/cm2) j 
n~ I1 (W/cm2) 0.499 

(1 W of 620-nm light/cm2 generates 0.499 A/cm2) where /T is the 

(8) J. F. Byrne and P. F. Kurz, U.S. Patent 3 357 989 (1976). 
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Figure 1. (A) Electron micrograph of X-H2Pc particles. (B) Side view 
of a NESA/X-H2Pc, PVA/AI photovoltaic cell. 

Table I. Fluorescence Quenching of X-H2Pc by Electron 
Acceptors and Donors 

additive0 
AF/ 

n,% 
Electron Acceptors 

o-chloranil (o-Ch) 0.92 87 
tetracyanoethylene (TCNE) 0.88 
2,4,7-trinitrofluorenone (TNF) 0.86 61 
tetracyanoquinodimethane (TCQM) 0.77 
2,4-dinitrophenol (DNP) 0.73 

Electron Donors 
tetramethylphenylenediamine (TMPD) 0.90 
A^-diphenyl-A7V'-di(m-tolyl)-p-benzidine (m-TBD) 0.48 32 

a The additive concentration corresponds approximately to a 
one monolayer surface coverage. b F 0 is the fluorescence intensi
ty of X-H2Pc and AF is the decrease in fluorescence due to the 
presence of a monolayer of the additive. 

Table II. Dependence of X-H2Pc Charge Carrier Photogeneration 
Efficiency, rj, Fluorescence Intensity, F, Exciplex Formation 
Probability, 0 C T , and Exciplex Dissociation Efficiency to Free 
Carriers, <ME), on TNF Concentration 

TNF, mg/g 

0 
33 
67 

133 
267 

n,%a 

27 
54 
66 
75 
82 

Fb 

3.9 
0.70 
0.86 
0.47 
0.40 

0CT 

0.00 
0.82 
0.86 
0.88 
0.90 

<KE) 

0.00 
0.33 
0.45 
0.55 
0.72 

0 Reproducibility was better than ±5%. b From the solid line, 
Figure 2. 

intensity of the light transmitted through the electrode. In arriving at 
the above equation we assumed that all the light is absorbed within the 
barrier region. This is a good assumption in view of the high molar 
extinction coefficient of the material. At the low light levels used in the 
photoconductivity measurements, and consequently low current density, 
the current flow is not significantly impeded by the device series resist
ance. 

The fluorescence of X-H2Pc doped with the electron acceptors 2,4,7-
trinitrofluorenone (TNF), o-chloranil, tetracyanoquinodimethane, tetra
cyanoethylene (TCNE), and 2,4-dinitrophenol and the electron donors 
tetramethyl-p-phenylenediamineand Af,/V'-diphenyl-A',A''-di(m-tolyl)-p-
benzidine were examined. In all cases the concentration of the additives 

.01 .1 1.0 
No. of MONOLAYER of TNF 

10 

Figure 2. The dependence of X-H2Pc fluorescence intensity and photo-
generation efficiency on TNF concentration. 

was that required to give a monolayer coverage of the surface of 
phthalocyanine particles. This was estimated assuming the additive 
molecules to be flat and covering an area of X-H2Pc particles surface 
equivalent to their molecular dimensions. The molecular dimensions of 
the additives were estimated using molecular models and the surface area 
of X-H2Pc was measured to be 69 m2/g by gas adsorption techniques.9 

In one experiment a series of samples of X-H2Pc containing various 
concentrations of TNF were prepared and both the fluorescence and 
photocurrent were measured as a function of TNF concentration. Pho-
tocurrents were measured also for X-H2Pc doped with o-chloranil and 
Af,Ar/-diphenyl-./V,W-di(m-tolyl)-p- benzidine. 

In X-H2Pc samples to which different oxidizing and reducing agents 
were added, the presence of the additives quenched the fluorescence of 
X-H2Pc in all cases, but to different degrees depending on the nature of 
the additive. The relative decrease in the fluorescence of X-H2Pc 
(AF/F3) as a function of the nature of the additives is given in Table I. 
The most effective fluorescence quencher was o-chloranil followed by 
TCNE and TNF. 

The dependence of the fluorescence intensity of X-H2Pc on trinitro-
fluorenone (TNF) concentration is given Table II and shown in Figure 
2. The fluorescence decreased with TNF concentration at concentrations 
< 135 mg of TNF/g of X-H2Pc. At higher TNF concentrations (greater 
than one monolayer surface coverage, assuming homogeneous coverage) 
the fluorescence quenching leveled off. 

The variation of the room-temperature steady-state photocurrent, Jpb, 
and photogeneration efficiency, rj, of TNF-doped X-H2Pc with TNF 
concentration is also shown in Figure 2 and the data are listed in Table 
II. The charge carrier photogeneration efficiency increased with increase 
of TNF concentration. The increase in tj leveled off at high dopant 
concentration. The spectral response of photoconductivity in doped 
samples followed the absorption spectrum of pure phthalocyanine. This 
indicates that no spectral sensitization by the dopant takes place. 

The photogeneration efficiencies of X-H2Pc samples doped with o-
chloranil and yV,JV'-dipenyl-A',/V/-di(m-tolyl)-/>-benzidine are also given 
in Table I for comparison. 

Disucssion 

Perhaps the most salient feature of the obtained results is the 
increase in charge carrier photogeneration efficiency on addition 
of electron donors or acceptors concomitant with a decrease in 
H2Pc fluorescence in all samples subjected to both measurements. 
This correlation indicates that the fluorescence quenching is not 
simply a matter of quenching by energy transfer. Instead, the 
correlation suggests that the fluorescence quenching is intimately 
connected with photogeneration of charge carriers. 

In the ensuing discussion we propose a mechanism to account 
for this correlation. It should be recognized at the outset that 
the correlation between photogeneration of carriers and fluores
cence data for TNF-doped X-H2Pc is only semiquantitative be
cause fluorescence quenching and photogeneration efficiency at 
high dopant levels lead to saturation. This is not surprising since 
at high concentration greater than one monolayer surface coverage 

(9) J. Harbour, Xerox Research Centre of Canada, private communication. 
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of H2Pc particles occurs. On the other hand, low dopant levels 
could not be assessed by photoconductmty measurements because 
at the high "built-in" Schottky barrier field the carrier generation 
efficiency for undoped H2Pc is already high. Thus only a small 
quantitatively useful concentration range overlap for the two sets 
of data exists. The ensuing model is thus necessarily a simplified 
one. 

Fluorescence Quenching. Both direct energy transfer and ra
diation reabsorption mechanisms can be eliminated as responsible 
for the observed fluorescence quenching of X-H2Pc by the dopants 
used. In all cases, the singlet energy of the dopant is much higher 
than that of X-H2Pc. Fluorescence quenching may be explained 
in the following manner. The oxidizing and reducing power of 
phthalocyanine increases significantly on excitation and therefore 
it may form exciplexes with electron donors and electron acceptors, 
respectively. The relative ease of exciplex formation between 
excited H2Pc and electron acceptors would be, among other things, 
a function of the electron affinity of the acceptor and the ionization 
energy of the excited H2Pc.10 Similarly, the probability of exciplex 
formation between excited H2Pc and electron donors would depend 
on the ionization energy of the donor and the electron affinity of 
excited H2Pc. The fluorescence quenching data in Table I show 
that different additives quench H2Pc fluorescence with different 
efficiencies. This is in part due to differences in their oxidizing 
and reducing power. However, factors such as orientation and 
aggregation cannot be ignored. The mechanism proposed above 
postulates that the decrease in fluorescence intensity of excited 
H2Pc is due to the annihilation of singlet excitons at the surface 
of the particles at the dopant sites to give excited charge-transfer 
complexes (exciplexes). Competing singlet deactivation routes 
are 

S1 -^* S0 + hv (1) 

S, + Q • (ST-Q±)*(exciplex) (2) 

where Q is the quencher and S0 and S1 are the ground and first 
excited singlet state of H2Pc. The observed fluorescence quenching 
dependence on TNF concentration is readily understood quali
tatively in terms of the surface coverage by the electron acceptor. 
Excitons diffuse from the site of absorption (the bulk) in H2Pc 
particles to the surface. Quenching at the surface depends on the 
distance an exciton has to migrate along the surface to encounter 
a TNF molecule. We envisage the exciplex formed according to 
relation 2 to dissociate either to form free charge carriers or to 
regenerate S0. Dissociation to regenerate S1 cannot be significant 
because of the large fluorescence quenching. To account for this 
quenching (as much as 90% in some cases), the above interpre
tation requires that the exciton migration range be large. Let us 
examine whether this is to be expected in H2Pc. 

Because of the structural and spectral similarity between H2Pc 
and chlorophyll, the critical distance for singlet energy transfer 
in H2Pc is likely very similar to that in chlorophyll, estimated to 
be 80 A.11 (Explicit calculation for H2Pc yields a value of about 
85 A.) For solid H2Pc the distance between molecules is some 
6-11 A; i.e., the concentration is about a factor of 103 higher than 
the critical concentration for energy transfer. Forster's theory" 
of energy transfer (dipole-dipole energy transfer) predicts that 
the production of fluorescence from the primary molecules, i.e., 
those which acquired energy by light absorption rather than energy 
transfer, is proportional to (C0/C)2, where C0 is the critical 
concentration. This ratio is thus roughly 10"6; i.e., only one in 
106 excited molecules emits from the primary site. We can es
timate an exciton migration range of 400 A for solid H2Pc. 
Exciton diffusion lengths of 200 A have been reported for thin-film 
H2Pc cells.12'13 We have obtained estimates of the exciton dif
fusion length of 300 ± 100 A from computer fitting of photo-

(10) The ionization energy of an excited state is usually less than that of 
the ground state by an amount equivalent to the excitation energy. 

(11) Th. Forster, Ann. Phys. (Leipzig), 2, 55 (1948). 
(12) F. R. Fan and L. R. Faulkner, / . Chem. Phys., 69, 3341 (1978). 

conductivity action spectra14 using expressions similar to those 
given by Fan and Faulkner.12 In view of the size of the H2Pc 
particles (1000 X 300 X 300 A, Figure IA) this is a large mi
gration range, as required for our interpretation. One might 
consider a role of quenchers less direct than that implied by 
reaction 2 by supposing that electron donors or acceptors form 
ground-state charge-transfer complexes at the H2Pc particles 
surface. 

So + Q ^ S^Q* (ground-state charge-transfer complex) (3) 

Such complexes would act as electric dipoles with local fields which 
could be as large as 300 V/jtm in their vicinity. Excitons migrating 
to molecules within such large fields would directly dissociate into 
free carriers. 

We have measured room-temperature solution absorption and 
fluorescence spectra of pure H2Pc and H2Pc mixed with TNF at 
various concentrations. While the H2Pc fluorescence decreased 
with addition of TNF, no change at all was found in the H2Pc 
absorption spectra. These findings are consistent with exciplex 
formation, but not with substantial ground-state charge-transfer 
complex formation, unless the ground-state charge-transfer com
plex has an absorption spectrum essentially indistinguishable from 
that of H2Pc and is essentially nonfluorescent. If this were the 
case, then the fluorescence lifetime of H2Pc in the pure and mixed 
solutions should be the same. We have measured such lifetimes 
using a phase fluorimetric technique reported earlier.15 The 
observed ratio between the lifetimes of H2Pc in the pure solution 
(T0) and in the mixed solution (T) was T0/T = 1.4, with T0 = 5.5 
ns. The corresponding ratio of fluorescence intensities was 1.6. 
We deduce that no significant ground-state charge-transfer 
complex formation occurs. 

Effect of Oxidizing and Reducing Agents on X-H2Pc Charge 
Carrier Photogeneration Efficiency. As described earlier, the 
fluorescence quenching of X-H2Pc upon the addition of dopant 
is accompanied by an increase in the charge carrier photogen
eration efficiency. The photoelectric measurements were carried 
out under high internal electric field (35 V/jum), which facilitates 
dissociation of ion pairs into free carriers. This fixed field arises 
from Schottky barrier formation at the Al/H2Pc interface. 

In the absence of dopant, an H2Pc molecule in the first excited 
singlet state, Sj, may either decay to a geminate ion pair or relax 
through radiative or nonradiative decay to the ground state. The 
geminate ion pair may dissociate to form free charge carriers, to 
regenerate S1, or to S0. 

In the presence of surface dopant, excitons diffuse to the surface 
and are captured by the quencher with a probability <t>CT. <f>CT 
depends on the dopant concentration. 

We have 

S1 + Q — (SHT)* (4) 
0(E) 

(S^CT)* • free carriers (5) 
1 - «(E) 

(S^Qp)* • S0 + Q (6) 
where 0(E) is the probability of exciplex dissociation into free 
charge carriers. 

In the absence of quenchers we have a fluorescence intensity 
F° and carrier generation efficiency r/°. Addition of quencher to 
the system leads to a fluorescence F 

F = F°(l - fa) (7) 

and carrier generation efficiency v-

V = V0 + 0CT*(E) (8) 

<t>c7 values for various dopant concentrations, obtained from eq 

(13) A. K. Ghosh, D. L. Morel, T. Feng, R. F. Shaw, and C. A. Rowe, Jr., 
J. Appl. Phys., 45, 230 (1974). 
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(15) E. R. Menzel and Z. D. Popovic, Rev. ScL Instrum., 49, 39 (1978). 
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7 and Figure 2, are listed in Table II. Using these values of 0CT 
and eq 8, values of 0(E) as a function of dopant concentration 
are obtained. These are listed in Table II also. The increase of 
(J)(E) with increasing dopant level indicates that the dopant aids 
not only geminate ion pair formation but also ion-pair dissociation 
into free charge carriers. This is perhaps not surprising since TNF 
is known to be an electron transporting molecule. 

In summary, the aforementioned results show that electron 
donors and acceptors strongly quench the fluorescence of solid 
metal-free phthalocyanine. The fluorescence quenching is at

tributed to the formation of exciplexes at the surface. The 
probability of exciplex formation with TNF at a monolayer 
coverage was found to be high, approaching 0.87. Photocon
ductivity and fluorescence measurements indicate that the exci
plexes decay to regenerate the singlet ground state and in the 
presence of a field to form free charge carriers. The carrier 
photogeneration efficiency of X-H2Pc increased by as much as 
a factor of 3 in the presence of TNF. Perhaps the principal 
mechanism of charge carrier photogeneration in X-H2Pc is ex
trinsic, involving exciplexes with electron acceptors such as oxygen. 
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Conjugated Dienes 
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Abstract: The reaction of vinyldimethylchlorosilane with Jert-butyllithium was investigated in the presence of several conjugated 
dienes. With 1,3-butadiene, 2,3-dimethyl-l,3-butadiene, cyclopentadiene, and anthracene, cycloadducts of the silaethylene 
intermediate are obtained in hydrocarbon solvents. The presence of tetrahydrofuran in the reaction mixture suppresses the 
formation of cycloadducts in favor of 1,3-disilacyclobutane formation. No cycloadduct is obtained with 2,5-dimethylfuran. 
It is concluded that lithium chloride elimination to give silaethylene intermediates occurs in hydrocarbon solvents, while in 
THF or in the presence of strong Lewis bases the addition reaction to give a-lithiosilanes occurs and products arising from 
their coupling reactions are obtained. 

Introduction 
Recently, we reported the production of 1,3-disilacyclobutanes 

from vinyldimethylchlorosilane and ferf-butyllithium in hydro
carbon solvent.1 At that time, we proposed that the reaction went 
through an a-lithiochlorosilane (I) which eliminated LiCl to give 
the silaethylene II, which then dimerized to give the products. 

, _ , hexone 

+ LiCI ~ ̂ =P 
1 " III 

Other reports have also indicated that species such as I may be 
important low-temperature silaethylene precursors.2"4 In as much 
as silaethylenes produced by high-temperature thermolysis have 
been trapped with conjugated dienes,5'6 we were led to investigate 
similar reactions involving our low-temperature silaethylene. We 
report the results of our investigation here. 

Results 
When 1,3-butadiene was used as the trapping reagent, the 

products and percent yields obtained are shown below. 
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J. Organomet. Chem., 116, 257 (1976). 

(3) N. Wiberg and G. Preiner, Angew. Chem., Int. Ed. Engl, 16, 328 
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Dokl. Akad. Nauk SSSR, 201, 1365 (1971); W. J. Bailey and M. S. Kauf
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ViSiMeoCI + /-BuLi S^. 111,44% + 

+}\> 
IV, 18% 

V, 22% 
VI, 7% 

VII, 11% 

As we have noted elsewhere,1 the ratio of [2 + 2] products IV 
and V to the [2 + 4] product VI is consistent with the cycloaddition 
of the highly reactive silaethylene II to the predominant s-trans 
conformer of butadiene. Product VII presumably arises from 
addition of fert-butyllithium to butadiene followed by coupling 
with vinyldimethylchlorosilane. 

When 2,3-dimethyl- 1,3-butadiene was used as the trapping 
reagent in hexane, the [2 + 4] cycloadduct was obtained. The 
products and yields shown below were obtained. The numbers 
in parentheses represent yields where THF was used as the solvent. 

ViSiMe,CI +- /-BuLi W III, 4 (10) + 

- P - < - * ^ 
; ' ^ \ IX, 18(0) X, 0(18) 

XI, 0 (71) 

(% yield in THF) 

It is of interest to note that only the [2 + 4] cycloadduct VIII 
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