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Picosecond photon echo experiments are used to examine optical dephasing of substitutional dimers and monomers
of tetracenc and pentacene in p-terphenyl host crystals. A comparison of experiments on tetracene and pentuacene dimers
permits the mechanism responsible for temperature-dependent optical dephasing 1o be determined. It is shown that exci-
tation of librations rather than scattering between delocalized dimer states is the principal mechanism.

1. Introduction

Electronic excitation of interacting molecules can
result in a state which is delocalized, i.e. at a given in-
stant of time, there is finite probability of finding the
excitation on more than one molecule [1]. In pure
molecular crystals. delocalization can give rise to ex-
citon band structure {1] and coherent exciton trans-
port [2,3]. Molecular dimers are the smallest systems
in which delocalization can occur. As in any system
which can show delocalization, dimer electronic exci-
tations will be delocalized if the strengths of the inter-
molecular interactions are large relative to the magni-
tudes of the fluctuations in site energies and intermo-
lecular coupling matrix elements [2,3].

In this paper we present a detailed examination of
the temperature-dependent optical dephasing of delo-
calized tetracene and pentacene dimers, and tetracene
and pentacene monomers in p-terphenyl host crystals.
The dimers consist of isolated pairs of guest molecules
substitutionally embedded in a host crystalline lattice.
The relative orientations of the molecules in the di-
mer pairs are similar to the orientation of host mole-
cules in the pure crystal. Thus there are a variety of
possible dimer pairs having various intermolecular in-
teractions.

A comparison of picosecond photon echo experi-
ments on tetracene and pentacene dimers in the same
host crystal permits an unambiguous determination
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of the mechanism responsible for the temperature-de-
pendent optical dephasing of the delocalized excited
states of these dimer systems. In contrast to isotopical-
ly mixed crystal dimers, e.g_, naphthalenef1g dimers
in naphthalene-dg host crystals or tetrachlorobenzene-
/15 dimers in tetrachlorobenzene-d 4 host crystals [4].
these chemical impurity dimers do nor have as their
principal dephasing mechanism scattering between

the delocalized dimer states. Rather, these chemical
impurity dimers dephase because of phonon excita-
tion of local phonon (librational) modes of dimers.

2. Experimental procedures

The picosecond photon echo system used to study
the pentacene in p-terphenyl dimers has been de-
scribed previously [5,6]. For the tetracene in p-ter-
phenyl experiments, a modified version of this system
was used. Tunable blue (490 nm region) picosecond
pulses were generated by difference mixing a single
quadrupled Nd : YAG laser pulse (226 nm, 15 ul, 40
ps) with a single dye laser pulse (20 uJ, 30 ps) of ap-
propriate wavelength in a 30 mm angle-tuned KDP
non-linear crystal. This procedure provides a stable
source of 30 ps, 2 uJ tunable blue pulses at a repeti-
tion rate of 800 Hz. The experimental arrangement
is outlined in fig. 1. A blue single pulse is split into two
excitation pulses of appropriate energies and variable
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I-ig. 1. Photon vcho setup used in the tetracene in p-terphenyl experiments. A single 1.06 pm pulse is selected from the acousto-
optically mode-locked und @ -switched Nd:YAG lascr by a Pockels cell (PC) and calcite cube polarizer (POL). This single pulse is
doubled (CD*A crystal) and then quadrupled (KDP crystal) in frequency. The remainder of the Nd : YAG pulse train is doubled
and used 1o pump a cavity-dumped dye luser. The dye laser single pulse is then made temporally and spatially coincident with the
quadrupled Nd:YAG pulse in an angle-tuned KDP crystal. This difference mixing process provides a stable source ot tunable blue
pulses. The single biue pulse is split into two excitation pulses of appropriate energies. One of these pulses is directed into a corner
cube on a motorized delay line to provide a varjable temporal delay between the pulses. Sce text for details. BS = beam splitter;

E = Labry —Pérot etalon; DC = flowing dve cell.

temporal delays for the photon echo experiment.
Non-collinear excitation geometry (2.75° angle be-
tween the two pulses) was employed to spatially iso-
late the echo signal. Other details involved in detect-
ing the echo signal are as described previously [6].
The sumples were mounted on a heating block lo-
cated in a liquid-helium dewar. Cold helium gas was
allowed to flow over the sample. The temperature was
varied by controlling the flow of helium gas and the
power delivered to the heating block. The temperature
was accurately maintained (20.01 K) by the Scientific
Instruments model 3610-B temperature controller
which dclivered current to the sample block heater,
and was meusured with a Scientific Instruments model
N1G germanium resistance thermometer in thermal
contact with the sample (accuracy better than 0.01 K).
Details of the sumple preparation and the polarized ab-
sorption spectrometer are as reported previously [6].

3. Results

Tetracene in the low-temperature p-terphenyl lat-
tice exhibits two distinct sites [7]. Fig. 2a shows a
transmission spectrum of a moderately concentrated
crystal of tetracene in p-terphenyl. The two Sy~ S,
monomer absorption origins, labeled TO; and TO,,
have similar splittings and inhomogeneous linewidths
as the PO; and PO, monomer origins of pentacene in
p-terphenyl which have been extensively studied [8].
(Transmission spectra of the four pentacene mono-
mers and several pentacene dimers may be found in
refs. [5,6].)

At much higher concentrations (=10-3 M/M) of
tetracene in p-terphenyl, the formation of dimers is
expected statistically as found in pentacene in p-ter-
phenyl crystals of similar concentration [5,6]. A trans-
mission spectrum of a high-concentration crystal of
tetracene in p-terphenyl in the vicinity of the S
S; absorption origins, TO; and TO,, of tetracene
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Fig. 2. (a) A tetracene in p-terphenyl transmission spectrum
at 1.6 K of the two Sg — S; monomer origins. TO, and TO,.
The two tetracene origins have similar splittings and inhomo-
genceous linewidths as the PO, and PO, monomer origins of
pentacene in p-terphenyl [8]. The sloping baseline in the
spectrum is due to the spectral characteristics of the xenon
arc lamp. (b) Transmission spectrum of a high-concentration
tetracene in p-terphenyl crystal in the region about the mono-
mer Sp — S, origins at 1.6 K. The TO; and TO, monomer
origins coalesce into a broad and flat-topped peak because

the very high monomer concentration results in zero trans-
mittance. To the red of the broad origin lic several dimer
peaks. The inset shows a transmission spectrum of a crystal
with an even higher tetracene concentration. At these higher
concentrations, several new dimer peaks become clearly visible.
The TD, dimer is located at 4961.9 A. (Wavelength scalc, 4
Afdivision.) A detailed temperature-dependent study was per-
formed on the two well-resolved dimer peaks labeled TD; and
TD5 (sce text).

monomers is shown in fig. 2b. The TO; and TO, ori-
gins coalesce into a broad and flat-topped peak be-
cause the very high monomer concentration results in
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zero transmittance. To the red of the broad origin lie
several dimer peaks. The tetracene dimer splittings and
line positionsrelative to the TO;, TO, tetracene mono-
mers are similar to those found for the pentacene di-
mers built off of the pentacene PO, . PO, monomers
in p-terphenyl [5,6]. However, in tetracene in p-ier-
phenyl there are more dimers split to the red of TO,
and the largest dimer—TO, splitting (128 cm~1) is
more than three times that found for pentacene in p-
terphenyl (39 cm—!). These differences may be due
to the smaller size of the tetracene molecule compared
to the pentacene molecule which allows for a greater
freedom in the relative positioning of the two mole-
cules which make up the dimers.
Temperature-dependent photon echo measure-
ments were made on tetracene monomers and the two
tetracene dimer peaks, labeled TDy and TD,, in fig.
2, and on pentacene monomers and dimers¥!1, Fig. 3
shows the photon echo “ecay for the TD, dimer at
2.61 K. The data is exponential (see inset). and de-

*1 The pentacene dimers labeled PD;.PD»,. and PDj in table
1. were formerly called R3. R4 and Rj. respectively, in
refs. [3.6].
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Fig. 3. Photon echo decay for the TD; tetracene dimer at
2.61 K. The straight linc through the logarithm of the data
(see inset) shows that the echo decay is exponential over al-
most four factors of 1/e in signal intensity. The signal decays
asIpg =1g (- 41/T3) and thus T5 = 2.0 ns for the data shown
in the figure,
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cays with a 75 time constant of 2.0 ns. Two con-
tributions to the photon echo decay constant (75)
may be defined as follows

1/Ty= 127 +1/T5 . (1)

whcrc 7 is the excilcd-slme lifetime (decay out of the
S. a: and T'5 includes any other dephasing proces-

o)
S; state) and 75 includes any er dephasing proces
sels. For example, modulalxon of the dimer cxcnlcd-
state energy by phonons is a pure dephasing process,
T5. while phonon scattering between delocalized ex-
cited dimer states. isa T} process. Both processes
would be included in 7.

FFor the pentacene in p-terphenyl monomers {6
and dimers 7 has been measured and is known o be
constant over the temperature range of the photon
surements. (In general singlet state < do not

ccho measurements. neral sl n
show temperatuie- dependcm lifetimes in this tempera-
ture range. In triplet systems temperature-dependent
spin-lattice reluxation can cause a temperature-depen-
dent lifetime which will contribute to the temperature
dependence of dimer dephasing [9].) This lifetime
contribution can be subtracted from the 75 measured
at each temperature and a te emperature-depenaent blot
of T'5 can be made. In the tetr:
SV stem the plots were obtainec :
1.4 K the system is in the low- u:mper.nurz, lmm and
therefore T> = 27 us has been seen previously for other
svstems of monomers [6,10,11] and dimers [6].
Since the lifetime contribution to dephasing at these
higher temperatures is negligible, even a large error in
detenmining 7 has no etfect in determining the tem-
perature dependence of 75,

A plot of In T'2 versus 1/T for the TD; dimer gives
a siraight line over many orders of magnitude of 75
(tig. 4). The slope of this line is Af£/k and givesan -
activation energy (AL )of 10cm~! for the TD, dimer.
Simifar plots for the other tetracene and pentacene
dimers and monomers were made. These results are
summ.mm.u in lleC i. kl he activaiion energ 8y OD[dll]Cu
here for TO| (12 cm~ 1) difters from that reported
previougly (8 cm—1 ) {12]. The data compiled in ref.
{12} were apparently obtained over too small a ten-
perature range (less than one factor of 1/e change in

7'5) to give an accurate determination of the slope.
2 g pe.,

4. Discussion

The temperature-dependent optical dephasing of
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Fig, 4, Temperature dependence of 7o (the dephasing time

excluding the eacited-state 1o ground-state lifetime contri-
bution) of tetrucene dimer state TD,; in p-terphenyl. The

solid lince is ithe best §ii 10 the u.ud, -«lvlllq 4n CxXponei 1tial

activation energy, AL = 10 cm™L.

delocalized dimers in p-terphenyl host crystal has re-
cently been studied theoretically [13]. In the calcula-
tions a canonical transformation partially diagonalized
the dimer excitation—phonon coupling terms in the
Hamiltonian. Optical Redficld theory was then em-
pleyed to obtain the temperature dependence of the
optical dephasing. Three possible mechanisms are
capable of explaining the observed exponentially ac-
tivated temperature-dependent dephasing: (A) Phonon
scattering between delocalized dimer states (a T pro-
cess), (B) phonon scattering to delocalized librational
states (mini-librons) in the dimer ground and excited
clectronic states (a T} process) ¥2, and (C) pure de-
phasing induced by coupling 1o optical phonons of

*2 The definition of this processas a T; process is somewhat
arbitrary. ln our theoretical treatment of the dimer [13}
and a previous treatment of the monomer {14,151, the
system was taken to include the librational levels, all other
phonons being part of the bath. However, in several treat-

ments of the monomer nroblem I"I 1 1A 1 ('I the librational
nomer proviem iioratienad

fevels were included in the bath, Thc dephasmg librational
excitation is then called a 7§ process. The two approaches
are cequivalent.

I
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Table ]
Optical dephasing activation encrgies
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Spectral line ALY Aem™Hb AE(em™H ) T3(e)tps) d)
tetracene monomers TOA 49298 -33 11 35
TO;, 4930.6 0.0 12 18
tetracene dimers D, 4933.0 9.9 10 11
TD, 1961.9 128.0 17 6
pentacene monomers PO, 58585 —181.6 27 5
PO3 5878.6 —123.2 30 2
PO-» 5920.1 —4.0 25 4
PO, 5921.5 0.0 27 5
pentacene dimers PD, 5928.0 18.5 20 3
PD4 5934.0 336 23 5
PD3 5935.1 38.7 25 8

1) Wavelengths are in air.

) A is the enersy separation from TO, for the tetracene system and from PO, for the pentacene system.

¢} AF is the optical dephasing (73 ) activation eneray. See teat.

d) T3(e0) is the optical dephasing (73} pre-exponential factor: T3 = Ta(eo) exp(ALSAT).

the p- terphenyl host (a T, process). Scattering be-
tween delocalized dimer states (mechanism A) was
eliminated as a possibility in a previous experimental
study of pentacene dimers [5] because the exponen-
tial activation energy did not correspond to the ob-
served dimer pair splitting as required by theory [13].
However, no conclusive choice could be made between
mechanisms B or C based on the pentacene dimer
experiments alone.

1t has been established that phonon-induced scat-
tering to monomer librations is responsible for the
temperature-dependent dephasing of pentacene mono-
mers in naphthalene {15] and benzoic acid [17] host
crystals. Pentacene monomers in p -terphenyl are also
believed to dephase due to this process, although di-
rect observation of the libration in absorption or emis-
sion is lacking in this system. The properties of the
guest libration are determined by guest—host inter-
actions but are critically dependent on the nature of
the guest. In the case of pentacene monomers in
naphthalene this was demonstrated by studying the
deuterium isotope (pentacene-d ;) shift in frequency
of the libration [15]. Thus, this temperature-depen-
dent dephasing arises from properties intrinsic to the
guest molecule in addition to the properties of the
host lattice. The pentacene monomers have librational
energies in a range consistent with the activation ener-
gies of the various pentacene dimers.

However, the p-terphenyl crystal has an optical

phonon mode observed by Raman spectroscopy at
20.5 cm~! [18]. Coupling of the dimer to an optical
phonon band can result in an apparent exponentially
activated temperature-dependent dephasing with an
apparent activation energy determined by the phonon
band position and density of states [13]. The tem-
perature dependence is caused by the thermal occeu-
pation of the phonon band which is an intrinsic lattice
property independent of the nature of the dilute im-
purities which form the dimers. The 20.5 cm~! pho-
non band energy is consistent with the observed (table
1) pentacene dimer activation energies. While penia-
cene monomers are dephased by the libration mecha-
nism B. dimers have the additional possibility of cou-
pling to optical phonons by the modulation of the inter-
molecular interaction, mechanism C.

From table 1 it can be seen that the various penta-
cene dimers have somewhar different activation ener-
gies. These are real differences, well outside of experi-
mental error. The libration mechanism can give rise 10
these differences if it is postulated that each dimer
configuration has particular mini-libron splittings and
site librational frequencies. The optical phonon mech-
anism explains the differences by postulating that the
various dimer configurations couple selectively to re-
stricted regions of the phonon k-space, regions consis-
tent with the spatial arrangements of the dimers. In
general, the phonon dispersion varies as a function of
direction in k-space, and since the activation energy

11
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depends on the phonon dispersion, various activation
energies could result.

The choice between the libration mechanism (B)
and the optical phonon mechanism (C) can be made
on the basis of the tetracene dimer photon echo re-
sults. If coupling to lattice phonons (in this case cou-
pling to the 20.5 em—1 phonon suggested by the pen-
tacene dimer activation energies) is responsible for
dimer optical dephasing, then the activation energies
for tetracene and pentacene dimers would be very simi-
lar. However, if the libration mechanism is responsible,
the activation energies should be significantly different.

The activation energies obtained for the tetracene
dimers (10 and 17 cm—1) are very different from those
for the pentacene dimers (20,24 and 25 cm~—1), al-
though the p-terphenyl host is common to both. This
rules out a dephasing mechanism due exclusively to
bulk properties of the host, such as coupling to the
p-icrpheny! lattice phonons. The differences in activa-
tion energies between tetracene and pentacene dimers
arise because of the differences in librational frequen-
cies of such physically different guest molecules.
Theoretically, uncorrelated scattering to the mini-
librons results in a tetra-exponential temperature be-
haviour with activation energies determined by the
librational energies in the dimer ground and excited
states and by the mini-libron splittings [13]. However,
the temperature dependence appears as a single ex-
ponential if the librational energies and splittings in
the ground and excited states are comparable and if
the librational lifetimes are essentially constant over
the temperature range studied [13]. This is evidently
the situation for pentacene and tetracene dimers.

Unlike dimers which are only isotopically distinct
from the host [4], e.g., naphthalene-/1g dimers in
naphthalene-dg host, chemically distinct dimers do
not have librational motions which are amalgamated
into the host optical phonon bands. Thus dimers made
up of molecules such as pentacene and tetracene in a
host like p-terphenyl exhibit well-defined low-fre-
quency librations. Thermal population of these libra-
tions is effective in dephasing the delocalized dimer
states. In contrast, isotopic dimers, with amalgamated
phonons, do not have these low-{requency local pho-
nons available. This evidently leaves scattering between
delocalized states as the dominant dephasing mecha-
nism in isotopic dimers. Thus the temperature-depen-
dent dephasing of chemically distinct dimers is intrin-

12
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sically different from the dephasing of isotopic dimers.

Finally, it is interesting to note the observation of
a peak in the tetracene monomer in p-terphenyl pho-
non sideband 24 cm—! to the blue of the zero-phonon
line [7]. This is probably due to a two-quantum tran-
sition of the libration responsible for the observed
monomer 12 cm—! dephasing activation energy. A
similar situation occurs for pentacene monomers in
naphthalene [13].
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