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DELAYED REIKBINATION FLUORESCENCE AND PROWCTION OF TRIPLET CHARGE 
TRANSFER AND EXCIMN STATES IN W-EXCITED MOLECULAR CRYSTALS 

PATRICK MARTIN 
C.N.R.S, L.U.R.E, Bat.209D, Universitg de Paris-Sud, 91405 Orsay, 
FRANCE, and Centre de Recherches Nuclbires, CHNU-PPDL, 23 rue du 
Loess, 67037 Strasbourg Cedex, FRANCE. 

Centre de Recherches Nucl&ires, CHNU-PMOL, 23 rue du Loess, 67037 
Strasburg Cedex, FRANCE. 

JEAN-MARC JUNG, JEAN KLEIN and RENE VOLZ 

Abstract At sufficiently high excitation energies, the molecular 
crystals exhibit a new, slowly decaying mgnetic field sensitive 
fluorescent ccnrrponent. The exgwrimentally observed properties of 
this special luminescence ccqxment in anthracene and p-terphqle 
are discussed, considering in particular the excitation spectra of 
the intensity €or energies up to 40 eV. According to the characte- 
ristic mgnetic modulation of the intensity, the light emission 
follows the recombination of long lived electron-hole pairs created 
initially in a triplet spin state via a deep valence hole. The M- 
ture of the photcdynamic processes responsible for such recombina- 
tion fluorescence precursors is suggested to be connected with the 
well documented mechanism of photoinduced exciton fission in tri- 
plet pair states, which involves intemlecsular charge transfer 
transitions within a pair of neighboring molecules. It is shown 
that the measured excitation spectra are fairly interpreted on the 
whole explored energy damin; at the higher excitation energies, 
the expzted onset of a new relaxation channel for the deep valence 
holes, producing singlet excitons, is indeed detected. 

Keywords: unthrarcne, p-terphcnyl, VUV, molecular crystals. exciton fission. recomhrnation 
fluoretcence, magnetic modulation 

IMIROWCTION 

High energy excited state evolution in dense molecular media involves, 

in addition to the c m n  intramolecular mechanisms, a variety of elec- 

tronic relaxation phenmena induced by intermolecular exciton and charge 

transfer (CT)  interactions. In such photoexcited processes, the final 

states are essentially exciton or electron-hole (e,h) pairs, which can 

be detected by special fluorescence measurments. Experimental studies 
in this field have been mde with organic mlecular crystals photcexci- 
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20/[3 I2 I P. MARTIN ET AL. 

ted in the W and VUV spectral ranges: the main results are concerned 
with the excitation spectra of: 

the yield of singlet exciton pair states, detected by coincidence mea- 

surements of two correlated fluorescence photons, 1-3 
the yield of triplet exciton pair states, observed via "fine structu- 

re" (FS) magnetic field rdulated fluorescence, 

the formation of long lived (e,h) pair states detected by "hyperfine 
structure" (WS) mgnetic sensitive recanbination fluorescence, 4-7 

the total fluorescence quantum yield. i 

In the present contribution, we shall focus on the last two of these 
phenmena and discuss o w  results obtained with crystalline anthracene 

(Ac) and p-terphenyl (pTP) excited with photons up to 40 eV. 

In HFS mgnetic field modulated recombination fluorescence, the 
dtting singlets are formed by neutralization of gainate (e,h) pairs, 

initially created with a definite spin c~rrelation.~-~~ The efficiency 
depends on the probability for the ion pair to be singlet at the recm- 

bination t h ,  which is determined by spin motion in the pair under the 

influence of the Z e m m  and HFS interactions: HFS mxfulation of recombi- 

nation fluorescence takes place for fields in the 10-100 G range and re- 
quires times larger than the hyperfine singlet-triplet mixing periods, 

i.e., t 210 ns. Therefore, it is only observable for sufficiently long 
lived geminate (e,h) pairs. 

In the case of liquid alkane solutions of armtic cclmpounds, the 
process is well do~umented:~-~~ the positive mgnetic modulation of a 

slowly decaying fluorescence ccanponent indicates that initial photoioni- 

zation in the alkane solvent produces (e,h) pairs in a singlet spin sta- 

te. After rapid trapping of the charge carriers by the fluorescent solu- 
te molecules, the resulting singlet ion pairs undergo the obsenred t-3'2 

dependent recombination process via relative diffusion of the molecular 
ions. The exact characterization of the kinetic and mgetic sensitive 
properties enabled us to use recdination fluorescence for the detec- 

tion of photoionization and for the study of the corresponding excita- 

tion spectra in the liquid alkanes.13'14 
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TRIPLET CHARGE TRANSFER AND EXCITON STATES [313]/21 

We have undertaken similar investigations with the neat Ac and pTP 

crystals. The min results are presented in the next section; they exhi- 

bit a notable difference with those obtained for the liquid solutions: 

beyond a well defined threshold energy, primary photoionization in the 
crystal generates long lived CT excitations in an initial tridet spin 

state. The sequence of electronic transitions invoked to describe the 
photodynanuc process thus detected is discussed in the third section: 

after the initial radiative transition frm a deep valence electronic 

orbital to a highly excited level, further evolution of the p r m  ex- 

citation proceeds in a fashion related to the well known exciton fission 
transitions producing triplet exciton pairs; it thereby involves inter- 

molecular CT within pairs of adjacent molecules, but following special 
features that will be considered in detail. 

The Ac and pTP single crystals were excited by the synchrotron radiation 

pulses of the CORIS I1 (HASYLAB, DESY, Hamburg) and SITPER-ACO (LURE, 
Orsay) storage rings. Following the procedures described before,4-7 the 

fluorescence intensity curves I (t, E) have been measured under nanosecond 

time resolution conditions, for photon energies E up to 40 eV, in the 
absence (Io) and in the presence (IB) of a 0.05 tesla mgnetic field. In 

previous wrk,5i6 we already reported that, at excitation energies hi- 

gher than a threshold value Eo, a new fluorescence ccanponent arises, 

which slowly decays following a t-3'2 law and is mgnetic field sensiti- 

ve, with a negative modulation ratio (IB-Io)/Io having the characteris- 
tic HFS modulation properties of recanbination fluorescence. The negati- 

ve sign of the modulation ratio is in contrast with the positive effect 
for the alkane solutions, meaning that the recanbining geminate (e,h) 

pairs are initially created with triplet character in the crystals. 
At times larger than tens of nanoseconds, the observed temporal h- 

tensity decay is h a m  to be controlled by the rate of recarbination, 

according to the wression: 

IB(tt E) = VF PE R ( t  I E) (1) 
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22/[ 3 141 P. MARTIN ET AL 

where qF is the molecular fluorescence efficiency; p! represents the 

constant asymptotic value of the probability pE(t) for the ion pair to 

be singlet at the recarbination time, a well defined quantity depending 
upon the mgnetic field strength and the initial spin alignment of the 

ion 
reflects the recanbination kinetics and the yield of the photoindxed 
relaxation channel detected in these experiments. To obtain a measure 

The function R(t , E) is the neutralization rate that 

for the ex&-tation spectra, 

integrated intensities JO (E)  
,300 nS 

it is convenient to consider the mmlized 

and JB (E) defined as 

IB' '(E, t) ( 2 )  

where QF(E) is the absolute fluorescence cpantumyield of the crystal 
excited by the photons of energy E. 

We have measured the absolute excitation spectra QF(E) for the Ac 
and pTF crystals using the c m n  method with sodium salicylate as a 
reference.7'15 

4 8 12 16 20 24 28 32 36 40 

100 

h 4 75 
3 
1 

0 50 

25 

b 

0 

4 8 12 16 20 24 28 32 36 40 
E (eV) 

FIGURE 1 Ac and pTP crystals: Ecitation spectra of the recmbina- 
tion intensity Jo and of the total fluorescence quantum yield QF. 

The data obtained for the excitation spectra of the formtion of 
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TRIPLET CHARGE TRANSFER AND EXCITON STATES [ 3  151123 

long lived (e,h) pairs in the triplet spin state (Jo) and of the total 

fluorescence quantum yield (QF) are presented in Figure 1, for both the 

Ac and pTP crystals. In the two cases, it is notewortfy that two energy 

dormins, separated by a critical value E,, m y  be distinguished: at the 

lower energies, between the threshold Eo (7.1 k 0.2 eV in Ac; 8.0 k 0.2 
eV in pTP) and E, (=lo eV in Ac; 14 eV in p"), Jo (E) increases steeply 

with E while QF (E) decreases; at the higher energies, beyond E,, Jo (E)  

decreases for Ac and rains constant for pTP, whereas QF(E) increases 

monotonously 

DISCUSSION 

The photcdynamic relaxation channel in the molecular crystals detected 

in these fluorescence experiments involves a sequence of electronic pro- 

cesses ending with (e,h) pair states, characterized by: 
(i) an initial triplet character: therefore, the concomitant formation 

o€ another triplet excitation is necessary during the primry stages of 

the photoprocess; this points to a similarity with the well studied pho- 

toinduced singlet fission transitions leading to triplet exciton pairs 

in the crystals; 1-3 

(ii) a long lifetime (2100 ns): under c m n  conditions for thermalized 

charge carriers diffusion in the crystals, recombination of geminate 

(e,h) pairs takes place on a subnanosecond time scale, fixed by rC2/D 

in tern of the Onsager radius rc (~170 A in Ac) and the relative diffu- 

sion coefficient D 

require specific trapping m e c h a n i s m s  for the carriers. Also the acccmpa- 

nying triplet presumably acts as a trapping center since the delayed re- 

combination is only observed for the (e,h) pairs in the triplet state; 

(iii) an efficiency with the energy depsndence given by Jo (E), showing a 

steep increase at the relatively high threshold energy Eo, followed by a 
decrease or a saturation of the effect after the still higher energy E,. 

In order to account for all these observations, we begin with a re- 

cm2s-l in Ac) ;7,16,17 much longer times hence 

gard on item (i) and look for a mechanism connected with those ccmmriiy 
envisaged for photoinduced exciton fission in triplet exciton 
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241[3 161 P. MARTIN ET AL. 

pairs.lf7,1**19 These are recalled in Figure 2. mey involve two virtual 
or real CT transitions between neighbxing molecules according to the 

4 e* + 

FIGURE 2 

A & B: fission in triplet exciton pairs: the transitions involve 

intmlecular electron transfers within a molecular pair. 
A' & B': fission in singlet exciton pairs: the transitions involve 
intenmlecular excitation transfer w i t h i n  a molecular pair. 

Wansition s c h e s  €or singlet exciton fission: 

two possibilities (A) and (B) , where either the hole (in A) or the elec- 
tron (in B) of the initial singlet photoexcitation takes part in the 
transition. As a necessary condition for process (A), we note that the 

primary hole must be in a sufficiently deep valence orbital state (v"). 
Considering next the features (ii) of the experimental findings, we 

argue that these are fairly explained by a mechanism of class (A), for 
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TRIPLET CHARGE TRANSFER AND EXCITON STATES [317]/25 

which the primary excited electron (e') is prepared by the photon in a 

superexcited or a continuum molecular orbital. By m e a n s  of the CT tran- 

sitions in process (A), the hole and the triplet exciton are preferably 
created on molecular sites that are connected by the largest intermole- 
cular transition amplitudes, i.e., the nearest neighbrs in the (a,b) 
planes of the Ac and pTP crystals.20 Such a spatial correlation then fa- 

vors efficient stabilization of a ccsnplex binding the hole and the tri- 
plet exciton by the strong attractive interaction potential related to 

the charge of molecular polarizability upon excitation in the triplet 
state.21i22 hhile in the doublet spin state of the hole-triplet caplex, 

the lifetime is severely limited by the annihilation of the exciton, 

such reactions are forbidden in the quartet state;23 the carpiex can 
then live as long as the natural lifetime of an isolated triplet exci- 

ton, with the consequence that the hole is quasi-Wbile for times over 

several milliseconds. The primary electron (e*) acts as a spectator of 

the foregoing intermolecular electron transfer transitions, but follows 
its own relaxation channels: via autoionization or direct ionization, it 

enters the conduction band with excess kinetic energy. After energy re- 
laxation per emission of mlecular and lattice phonons, it localizes at 

finite distances fran the initially excited site; these are distributed 
around a "mean thermalization length" esthted of the order of several 

tens of h ~ n i t s ~ ~  and enccRnpassing therefore several crystalline (a,b) 

planes. It follows that m e c h a n i s m  (A), together with the subsequent re- 

laxation phencinem, indeed prdces efficiently well separated (e,h) 

pairs with triplet character and having the hole trapped by the concCani- 

tant triplet exciton in a (a,b) plane of the Ac and pTP crystals. 
But the observed delay over hundreds of nanoseconds in the reccanbi- 

nation of the correlated triplet (e,h) pairs, controlled by relative 
diffusion of the charges carriers cannot be explained by trapping of the 

hole alone: in the migration of the electron towards the fixed hole, its 

mobility must be sufficiently reduced as well. This m y  be justified by 

analyzing in sane detail the transport anisotropy of the electron in the 

crystal, e.g., by considering its transfer fran site to site in the lat- 
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26/13 181 P. MARTIN ET AL 

tice towards the hole complex, as done in reference.25 The recombination 
ladders thus followed are determined by the spatial configuration of the 

(e,h) pairs. whenever the charges are created in the same (a,b) plane, 

recombination is governed by fast migration within the plane on a sdm- 

nosecond time scale, which prevents observation in these experiments. ~y 

contrast, in the more c m n  situation where the prhxy electron is 

thentalized in a plane different frm that containing the hole-exciton 

camplex, the recanbination ladder involves one or several steps with 
interplanar electron transfers. These steps have mll transition ampli- 

tudes2' and form kinetic bottlenecks for all such ladders. Each can in- 
trdce a t-ral delay exceeding 100 ns; but the main retarding con- 

tribution is certainly due to the last step, engaging the electron on 

the site nearest to the hole ccarrplex in the adjacent (a,b) plane: this 

corresponds to the neutralization of charges located on the relatively 

distant neighbors along the c axis, a transition also slowed down by the 

large electronic energy gap due to the Coulomb interaction and the re- 

laxation energy of the hole-exciton cc~nplex. 5 f 2 5  Therefore, together 
with the immbilization of the photoexcited hole by the accompanying 

triplet exciton, the thmlization of the photoexcited electron in a 

distant (a,b) plane is sufficient to account for the long lifetimes of 

the recombining CT states detected in our experiments. 
The discussion mst proceed with part (iii) of the abme mentioned 

mimental information, concerned with the influences of excitation 

energy on the intensity of mgnetic sensitive recombination fluorescence 
€or the two crystals. In line With the proposed interpretation, the va- 

riation of Jo(E) is expected to reflect the excitation spectrum of the 

electronic process (A), photoinduced via an initial singlet excitation 
having the electron (e*) on an energy level above the b t t m  of the con- 

duction bnd  and the hole (v') in a valence level below the highest oc- 
cupied molecular orbital ( H W ,  v,,) by an amount larger than the lowest 

triplet exciton energy ET in the crystal. 
The threshold energy Eo is hence determined as 
Eo = EG + Go - Eve , Go - &* > ET ( 3 )  
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TRIPLET CHARGE TRANSFER AND EXCITON STATES 13 191127 

where EG is the band gap between the conduction band and the HOMO, while 
Eva- Ev* is the energy difference of the valence orbitals that my be re- 

garded as the excitation energy of the hole. These energies can in prin- 
ciple be deduced frm photoconchction and photoemission measurments .I6 

They are known for A C , ~ ~  where EG=4.4 eV and E~z1.8 eV; also the first 

inner valence orbital satisfying fully the condition necessary €or pro- 

ducing the triplet exciton is v*=v3, for which &,,- €,*=2.7 eV; this 

then yields Eo=4.4+2.7=7.1 eV, which is in perfect agreement with the 

observed threshold value (cf figure 2). For pT?, we are not a w e  of a 

directly measured EG value, but will esthte it knowing the phot&s- 

sion threshold energy, I,=6.2 eV,27 and assuming that the energy Vo of 

stabilization, with respect to vacuum, of the lowest conduction band ed- 

ge is the same as for Ac, i.e., V0=1.3 eV:7,26 using E,=I,-Vo, one gets 

EG=4.9 eV; with ET=2.5 eV, the first inner valence state satisfying the 

€oregoing condition is found. to be v*=v3, €or which Eva- &*=3.0 ev; the 

threshold energy in pT? is hence estimted as Eo=4.9+3.0=7.9 eV, again 

in fair agreement with the observed value. 

In the lower energy part of the excitation spectra in Figwe 1, the 

steep rise of Jo(E) keyond the threshold energies Eo has similarities 

with the excitation spectra of photoemission in the cqstals and is li- 
kewise interpreted in terms of the densities of states in the relatively 

sharp v* band and the wider conduction band.7F16 
For the higher photon energies, when still deeper valence orbitals 

(v*') participate to the radiative transitions, the valence excitation 
energy &vo- & * *  begins to exceed the lowest singlet excitation energy Es 

in the crystal. The primary hole then also relaxes by emitting singlet 

excitons, following a process of class ( A ' )  i n  Figure 2. Such intemle- 

cular excitation transfers, that are govern4 by the strong direct 

Coul& transition matrix elements, are knm to have much larger proba- 

bilities than the electron transfers; therefore, they necessarily act as 

strong ccRnpetitors of process (A). The above mentioned critical energy 

E,, kyond which Jo (E) saturates or decreases, is interpreted as corres- 
ponding to the onset of this new relaxation channel. In the case of Ac, 
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28/[320] P. MARTIN ET AL 

the observed value, E,=10 k 0.5 eV, is found to coincide with the energy 
of a strong absorption transition that involves initial valence levels 

with &,,.- &,**=6.5 eV:26 since Es=3.15 eV, the necessary condition for 

the competing process (A' ) to be operative is amply satisfied. In p ~ p ,  

where Es=3.9 eV, the observed energy, E,=14 f 0.5 eV, is so high that 

the inner valence levels engaged in the radiative transitions are expe- 

ted to be so that &,"- &,**I 10 eV, meaning that the relaxation channel 

via mechanism (A' ) is largely open as well. 

The interpretation of E, as a dam-cation energy between a low 

energy d m i n  controlled by the triplet excitation producing process (A) 
and a high energy range, where the singlet excitation producing process 

(A') progressively becmes dcSninant is further confirrred by the excita- 

tion spectra of fluorescence quantum yield in Figure 1: since the tran- 

sitions (A) and (A') respectively quench and prmte the formation of 

fluorescent singlets, the QF (E) functions should have r n i n k i  for E=E,, 

which is indeed the case for the two crystals. 

At this point, it is worthwhile to establish a connection with the 

earlier studies of exciton fission in Ac, made by G. Klein, who measured 
the quantum yields QTT (E) and Qss (E) of the photoproduction of triplet 

and singlet exciton pairs, repectively Theses results are presen- 

ted in Figure 3 .28 The mechanisms that have essentially been invoked are 

those of the classes (R) and (B') in Figure 2, which enphasing the role 

of the excitation energy of the electron rather than of the hole: toge- 

ther with the direct fission transitions, the secondary excitation of 

triplet and singlet states by the hot photoelectrons has in particular 

been consider~d.~~~~ In fact, however, the yields QTT and Qss include 

respectively the additional contributions frm the processes (A) and 

(A'), meaning that definite correlations with the excitation spectra of 
the present work m y  be expeted. This appears to be clearly the case in 

Figure 3 :  at the same critical energy E,=10 eV as for Jo (E) and QF (E) , 

the graphs QTT (E) and Qss (E) indeed undergo slope changes, indicating 

that, at the higher energies, the production of triplets prqressively 
decreases while that of the singlets steadily increases. In a mre qum- 
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FIGURE 3 
exciton fission in triplet and singlet pairs and for the total 

fluorescence yield . 

Ac crystal: ccanparaison of the excitation spectra for 

titative ccanparaison, we m y  assume that the main decay modes of the 

primary photoexcited singlet states include, in addition to the fission 
phenmena represented in Figure 2, the internal conversion and geminate 

(e,h) recanbination processes populating isolated fluorescing singlets. 
Denoting the yield of these mnmlecular processes by Q s ( E ) ,  one then 

has the equation Qs (El +QTT (E) +Qss (E) =1, while the total fluorescence 
quantum yield is written as QF (E) -7 )~  [Qs (E) +2Qss (E) I . Frm this one dedu- 
ces the relationship 

QF(E)/~F = 1 + Qss(E) - QTT(E) (4) 

which enables us to cmrrpare the measured excitation spectra for exciton 
fission to that of the total fluorescent quantum yield. The result is 
shown in Figure 3: the agreement is excellent in the low energy damin 
(E<E,=10 eV) . For the higher energies, the foregoing relationship repro- 
duces the m e a s u r e d  rise of QF(E), but underestimtes the actual values. 
Understanding of the possible reasons, including the eventual role of 
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electronic processes here ignored, like mltiexciton spur fomtion, re- 

quires further work, which is currently in progress. 

The high energy photon induced effect detected via mgnetic sensitive 

recabination fluorescence in organic molecular crystals is found to re- 
sult predckninantly from the electronic relaxation of excited holes ra- 

ther than of the excited electrons.  ene ever energetically possible, the 
intermolecrular decay modes induced by CT and singlet excitation transfer 
interactions are highly efficient and thereby strongly ccanpetitive with 

the intrmlecsular decay transitions (internal conversion, autoioniza- 

tion, Auger ... ) .  In the electronic relaxation of highly excited molecu- 

lar states in condensed mtter, the intmlecsular radiationless proces- 

ses engaging the holes in inner valence orbitals, as the electrons on 
the excited orbitals, certainly play a role mre inpartant than hitherto 
recognized. 
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