
AD-NI37 714 RATES AND MECHANISMS OF ENERGY DISSIPATION AND THE /
I STRUCTURE OF MOLECULAR SOLIDS(U) CALIFORNIA UNIV LOS

ANGELES DEPT OF CHEMISTRY AND BIOCHEMISTR..
UNCLASSIFIED M A EL-SAYED 31 JAN 84 NO 014-75-C-0602 F/G 7/4 NLE7mIEEEEEEIIIIIIIIIIIII



.* _ 7 7 7 - 71 70 .-. 
---

1111u. U 0 28 2
liiiu

1.25.
'. '~1.6

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS- 1963-A

ifqm

L% 
* ' 9



A •.
OFFICE OF NAVAL RESEARCH

Contract N00014-75-C-0602

.' .. ~ Task No. NR 056-498

FINAL REPORT

Sw'4 Period: January 1, 1975 -March 31, 1983

U-C

Title: "lates and Mechanisms of Energy Dissipation

and the Structure of Molecular Solids"

Accpssion For

TIS GC A&I

DTIC TV,]

Just ific't ion ....

By.
- Distribution/

Availability Codes
I fAvail 1i'/or

Dist Special

Principal Investigator:

M. A. Il-Sayed
Department of Chemistry and Biochemistry
University of California, Los Angeles
Los Angeles, CA 90024

January 1984 OT 1C
Twos document ham been approvedW9
Jr pubUc reles, and swoe; ts

FILE COPY 84 02 09 007



unclassif ted

SECURITY CLASSIFICATION OF THIS PAGE (When Date Fnrered)

REPORT DOCUMENTATION PAGE R.,D INSTRUC rIO-'
• E TN BAC ONEFORI. COMPLETINC, F(ORM,

F. REPORT NUMBER 2. GOVT ACCE SION NO, 3. RECIPIENT'S .ATALOG NUMuER
FINAL REPORT! .....,

4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED
Rates and Mechanisms of Energy Uissipation and the FTNAL REPORT (January 1,175-
Structure of Molecular Solids March 31 198

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(s) 8- CONTRACT OR GRANT NUMBER(a)

M. A. EI-Sayed
N00014-75-C-0602

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJELT. TASK

Regents of the University of California AREA & WORK UNIT NUMBERS

University of California, 405 Hilgard Ave. NR-056-498
Los Angeles, CA 90024

II. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Office of Naval Research January 31, 1984
Chemistry Branch 13. NUMBER OF PAGES
Arlington, Virginia 22217 10

14. MONITORING AGENCY NAME & ADDRESS(II different from Controlling Office) IS. SECURITY CLASS. (ol thia report)
Office of Naval Research Unclassified
Branch Office
1030 East Green Street IS,. DECLASSIFICATION/DOWNGRAOING
Pasadena, CA 91106 SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)
This document has been approved for public release and sale;
distribution of this document is unlimited

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, It different from Roport)

19. KEY WORDS (Continue on reverse aide it neceecary and identify by block number)

!N/A
,,;IS. SUPPLEMENTARY NOTES .. 1•

20. ABSTRACT (Continue on reverse aide, I necessary end identify by block number)

N/A
* I

FORM
DD ,FJAN 1473 EDITION OF I NOV GS IS OBSOLETE Unclassif ied

SECURITY CLASSIFICATION OF THIS PAGE (
1
1en Data Tntere,!



-'" 1. L * : ._I r m W • . -', . o - . ~ .- ~ * , b - -7 . - . .- rJo .' -. - - _-

2%"'

I. SuDort Period

This final report covers the period January 1, 1975 through

March 31, 1983.

II. SUMrX of Accoanlishments

In eight years of support, twenty-three publications in

reviewed journals have resulted. Eight graduate students have

received their Ph.D. degree and six postdoctoral fellows have

received their postgraduate training with the ONR support. Five

* visiting professors have collaborated with us for different

periods of time during the support period.

III.] Details of Accoawlishmaets

a. Research

The research carried out covered a number of research areas.

The use of spins of the lowest triplet state was studied as a

probe of intramolecular intersystem energy transfer in molecules.

The interplay between singlet and triplet of different electronic

nature' (e.g., n,le and l,7f*)Aas quantitatively examined

(publications 1-5, 8 and 13). NInradiative processes in the gas

phase and in solution were studied. in publications 7,10,11 and

14. Spectral diffusion studies due to intermolecular energy

transfer in solids were made for both spin transitions

(publications 15 and 16), electronic transitions of rare

earth ions in glasses (publications 6,17,18 and 20) and

singlet-triplet electronic transitions in orientationally

disordered solids (publications 19,21-23). In all these studies,

the mechanisms of the energy transfer processes involved are

investigated in ters of the interaction coupling involved.
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b. Graduate Student.

The names of the graduate students involved in the published

work are:

Talal Akasheh (teaching at U. of Yarmouk, Jordan)
Alan Campion (teaching at U. of Texas, Austin)
Christina L. Gniazdowski (Industry)
William D. Hopewell (at IBM, San Jose)
Anne-Marie Merle (University of Bordeaux)
David H. Parker (teaching at UC Santa Cruz)
William M. Pitts (NBS)
Jack Morgan (postdoctoral fellow, UC Berkeley)

c. Postdoctoral Fellows

The names of the postdoctoral fellows involved in the

published work are:

Phaedon Avouris (IBM, Yorktown)
Jacqueline 0. Berg (TRW)
Alan 1. Burns (Sandia Corp.)
Jai-Iyung Lee (teaching at U. of Seoul)
S. J. Sheng (industry)
Paul Zinsli (University of Bern)

d. The names of Visiting Professors involved in the published

work are:

Paras Prasas (SUN!, Buffalo)
J. Prochorow (Polish Academy)

lay Orbach (UCLA)
Willies M. Gelbart (UCLA)

a. The titles of the theses finished are:

1. Talal Akasheh, "Perturbation Effects on Molecular and
Resonance Pair Triplet Excited States," 1977.

2. Alan Campion, "Energy Transfer in Inorganic, Organic and
Biological Materials: Time-Resolved Laser Spectroscopy

Studies," 1977.

3. William D. Hopewell, "Energy Transfer in Ionic and
Molecular Systems," 1980.

.. :.-... '.



4. Anne-1arie Merle, "The Origin of the Multiple Sites in

a Shpol'skii Matrix," 1978.

5. David H. Parker, "Multiphoton Ionization in Polyatomic
Molecules," 1979.

6. William M. Pitts, "Triplet-Spin Labels in Structural and
Dunamic Studies of Mixed Aromatic Solids," 1978.

f. a.kl ations

1. Paul I. Zinsli, "The Mechanism of S1 
"'P T1 Non-

radiative Process in Quinoxaline by Zeeman-PMDR
Spectroscopy," Chem. Phys. Letters 34. 403 (1975).

2. Paul X. Zinsli, "Zeeman Effect on the PMDR Signal and the
Mechanism of the Intersystem Crossing Process in Pyrasine

at 1.6 K," Chem. Phys. Letters 36, 290 (1975).

3. Phaedon Avouris, Alan Campion and M. A. El-Sayed,

"Luminescence and Intersystem Crossing Process in Camphor-
quinome Crystals," Chen. Phys. 1 147 (1977).

4. S. J. Sheng and M. A. El-Sayed, "Electric Field Effect on
the Spin Alignment of Triplet Traps of 4,4'-Dichloro-
benzophenone Crystal," Chem. Phys. Letters V, 6 (1977).

5. William M. Pitts and M. A. El-Sayed, "Cross Relaxation

between the Spin Levels of Phosphorescent 1,2,4,5-Tetra-
chlorobenzene and Photochemical Products of the Durene
lost," Chem. Phys. 21, 315 (1977).

6. Phaedon Avouris, Alan Campion and M. A. 1-Sayed,
"Variations in Homogeneous Fluorescence Linevidth and
Ilectron-Phonon Coupling within an Inbomogeneous Spectral
Profile," J. Chem. Phys. j7, 3397 (1977).

7. Phaedon Avouris, William K. Gelbart and M. A. 1-Bayed,
"Nonradiative Electronic Relaxation under Collision-Free
Conditions," Chem. Revs. U7 793 (1977).

S. A. K. Merle, W. M. Pitts and M. A. Il-Sayed, "Distortion
and Orientation for Triplet Coronene in Different
n-Ieptane Shpol'skii Sites Using Polarized Microwave
KIDP Technique," Chem. Phys. Letters jM, 211 (1978).

9. Lame-Marie Merle, Alan Campion and M. A. El-Sayed, "The
Two-Photon Excitation Spectrum of Triphenylene in
n-Reptane Single Crystals," Chem. Phys. Letters 2., 496
(1978).

.' .
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10. Talal Akasheh, "The Study of the Intramolecular Heavy Atom
Effect in 9,10-Dichlorophenanthrene and 1,2,3,4-Tetra-
chloronaphthalene Using PMDR Techniques," Chem. Phys.
Letters 59 392 (1978).

11. Robert E. Turner, Veronica Vaida, Carol A. Molini,
Jacqueline 0. Berg and David H. Parker, "The Multiphoton
Ionization Spectra of Pyridine and Pyrazine,"
Chem. Phys. 36, 437 (1979).

12. William M. Pitts, Ane-Marie Merle and M. A. El-Sayed,
"Spectroscopic Investigation of the Origin of Distortion
of Guest Coronene in Various Sites of n-Reptane
Shpol'skii Matrix," Chem. Phys. 36, 437 (1979).

13. Christina L. Gniazdowski, William M. Pitts and M. A.
El-Bayed, "Magnetic Field Induced Cross Relaxation
Between Two Different Spin Transitions of Triplet
Counarin," Chem. Phys. 21, 123 (1979).

14. J. Prochorov, W. Hopewell and M. A. El-Sayed, "The
a-Substitution Effect, Intramolecular or Medium
Induced?" Chem. Phys. Letters §, _ 410 (1979).

15. William M. Pitts and M. A. El-Sayed, "Optical Detection
of Spectral Diffusion of the Triplet State Zerofield
Transition Energy,' Mol. Cryst. Liq. Cryst. A, 19
(1980).

16. A. R. Burns, M. A. El-Bayed and J. C. Brock, "Analysis of
Spectral Diffusion of Localized Triplet Spin Transitions
within an Inhomogeneous Profile," Chem. Phys. Letters
iL 31 (1980).

17. J. R. Morgan, E. P. Chock, W. D. Hopevell, M. A. El-Sayed
and R. Orbach, "Orijins of Homogeneous and Inhonogeneous
Line Widths of the 3D-71O Transition of Eu3 +

in Amorphous Solids," J. Phys. Chem. 8U, 747 (1981).
18. Jack 1. Morgan and M. A.El-Sayed, "Teperature Dependence

of the Romogeneous Linevidth of the'Do-7FO
Transition of ;u3  in Amorphous Hosts at High Tempera-
tures,' Chem. Phys. Letters L§, 213 (1981).

19. Paras N. Prasad, Jack R. Morgan and Mostafa A. El-Sayed,
"Spectral Diffusion in Orientationally Disordered Organic
Solids,' J. Phys. Chem. LL 3569 (1981).

20. Jack . Morgan and K. A. El-8ayed, "Temporal and Tempera-
ture Dependence of the Energy Transfer Process among 3u3+
in an Amorphous Solid," J. Phys. Chem. 85, 3566 (1981).

21. Jack I. Morgan and M. A. El-Bayed, "Low Temperature Energy
Trapping and Emission Line Profile of Disordered Solid,"
J. Phys. Chem. 8L, 383 (1983).
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22. Jack R. Morgan and M. A. El-Sayed, "Energy Transfer Mecha-
nisn Switching in Disordered Solids," J. Phys. Chem. 87,
200 (1983).

23. Jack R. Morgan and M. A. El-Sayed, "Mechanism Switching
and Trapping of Triplet-Triplet Energy Transfer in an
Orientationally Disordered Molecular Solid," J. Phys.
Chem. 1, 2178 (1983).

IV. Accounlishments of last year

a. Sumar

During the last year, we have used laser phosphorescence

line narrowing techniques to study the spectral diffusion in

orientationally disordered solids at 4.2 K. At these

temperatures, the increase in the laser wavelength results in a

decrease in the concentration of the acceptor molecules to

which the laser excitation energy is transferred within the

inhomogeneous width of the 0,0 band. In this manner, we were

able to change continuously the donor-acceptor distance and

look for possible switching of the mechanism of the transfer

from a short range exchange interaction to a long range dipolar

mechanism at long wavelength of excitation. Indeed, a

mechanism switching was observed when the acceptor

fell below a few mole percent. The energy trapping in these

orientationally disordered crystals has been examined and

modeled. Three publications have resulted from this work:

1. Jack I. Morgan and M. A. El-Bayed, "Energy Transfer
Mechanism Switching in Disordered Solids," J. Phys. Chem.
IL 200 (1983).

2. Jack 1. Morgan and M. A. Il-Sayed, "Low-Temperature Energy
Trapping and hission Line Profile of Disordered Solids,"
J. Phys. Chen. IL 383 (1983).
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3. Jack R. Morgan and M. A. El-Sayed, "Mechanism Switching
and Trapping of Triplet-Triplet Energy Transfer in an
Orientationally Disordered Molecular Solid," J. Phys.
Chan. AL, 2178 (1983).
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Disordered Solids," J. Phys. Chem. 87, 200 (1983).
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J. Phys. Chem. 87, 2178 (1983).
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'4". Low-Temperature Energy Trapping and Emission Line Profile of Disordered Solids
J4."

Jack R. Morgan and M. A. EI-Sayd"

Department of Chemistry and Biochemistry, University of California, Los Angeles, California 90024 (Received: October 22, 1982:
In Fial Form: Decom'7br 13, 1982)

In a disordered solid, where random excitation energy and donor-acceptor separation are expected, low-tern-
perature energy transfer between a high-energy excited molecule to a lower-energy acceptor might not be complete.
As a result, the emission profile of the solid at low temperature is determined by the energy distribution of
the emission of the trapping sites. Predictions based on these ideas are used and a fit is made to the 4.2 K

% observed phosphorescence profile of 1-bromo-4-chloronaphthalene (BCN), and orientationallv disordered
molecular solid. The theoretical fit to the observed emission profile is discussed in terms of the possible energy
transfer mechanism(s) in this solid.

Introduction to the observed emission profile of the T, - So transition
The characteristics of phonon-assisted spectral diffusion of BCN is found to be good with only one adjustable pa-

in disordered materials have recently attracted consider- rameter, the number of sites within the interaction volume.
able attention. Time-resolved fluorescence line narrowing Emission Line-Shape Function
(TRFLN) studies of spectral diffusion within an inhomo- -

geneously broadened impurity transition in host glassesi 2  In the model considered here, the inhomogeneously
and crystals3 at high temperatures (i.e., kT > r, the in- broadened absorption spectrum is assumed to be due to
homogeneous width observed in absorption) have shown a random (uncorrelated) distribution of site energies. The
that the narrowed component typically decays preserving effects of homogeneous broadening are taken to be much
its width while the remainder of the inhomogeneous profile smaller than the absorption or emission line widths and

emerges uniformly and at long times resembles the ab- the oscillator strength is assumed constant across the band
sorption profile. Recent TRFLN studies of the T, - so such that the distribution of site energies is represented
transition of neat 1-bromo-4-chloronaphthalene (BCN) by the absorption profile. The microscopic transfer rate
have shown4 that only exothermic energy transfer from between sites is taken to be independent of the energy of
high- to low-energy sites is observed at 4.2 K. The exo- the sites between which energy transfer takes place, except

thermic nature of the energy transfer in this system is that only exotherm- energy transfer is allowed. For
manifested in the emission spectrum which is shifted to temperatures where k T << r, energy transfer is only pos-
lower energy and is narrower than the corresponding ab- sible from high- to low-energy sites since transfer from a

sorption spectrum of the same transition,5 suggesting only low-energy site to a high-energy site r64uires the popula-
emission from the low-energy sites. tion of phonorn which will be small at this temperature.

In this Letter we present the emission line-shape func- For an excitation at energy P., in a single -component
tion for an inhomogeneously broadened absorption profile crystal one can describe the acceptor concentration as the
for kT << r where only exothermic energy transfer occurs. mole fraction of sites having energy P -< ve.. Those sites

J An interaction radius is defined as the distance between with energy P > v.., will correspond to host sites since
donor and acceptor where the unimolecular radiative energy transfer from an excited site at energy ve. to

4 lifetime of the donor and the energy transfer time are higher-energy sites will be negligible at low temperatures.
equaL6 An energetically excited site with no lower-energy The decay of an energetically excited donor site in the
sites within the interaction volume is considered trapped presence of acceptors can occur by radiative and nonra-
and will contribute to the emission profile. Those sites diative unimolecular processes or by the donor transferring
with lower-energy sites within the interaction volume will its excitation nonradiatively to an acceptor. The radiative
transfer the excitation before radiating and will not be and nonradin'tive unimolecular processes are taken to be
observed in emission. The emission profile in disordered independen of the nature of the excited site and to occur
solids at low temperatures will thus reflect the frequency with a rate of 1/r, where r 0 is the decay time of the excited
distribution of the emission of the trapping sites. The state in the absence of acceptors. In the presence of ac-
results of this model show that, as the number of sites ceptors the donor may transfer its energy nonradiatively
contained in the interaction volume increases, the emission through either multipolar or exchange interactions. The

. profile is shifted to lower energy and the emission width rate of energy transfer, W(R), can be written as6

narrows. We find that from the emission and absorption W(R) = (1/r)(d/R)l (1)
profiles, along with the radiative lifetime in the absence "(/ R

_4 of energy transfer, one can determine the microscopic for multipolar interactions where r is the nearest-neighbor
eneq transfer parameters if the coupling mechanism and transfer time, d is the nearest-neighbor distance, R is the
dimensionality of the energy transfer are known. The fit donor-acceptor pair distance, and s = 6, 8, 10 for dipole-

dipole, dipole-quadrupole, and quadrupole-quadrupole
(1) P. Avouria, A. Campion, and M. A. EI-Sayed, Chem. Phys. Lett., interactions, respectively, and for exchange interactions

- lie~1, 9(1177).W()=(/)ep'd-R)(2"
(2) M. J. Weber, J. A. Painner, S. S. Sunrman, W. M. Yen, L. A. W(R) 0/7- exp(-y(d - R)) (2)

Ri-berg, md C. Brecher, J. Lumin., 12/13, 729 (1976).
-,i (3) D. L Huber, D. S. Hamilton, andB. Barnett, Phys. Rev. B, 16, where y is a measure of the dependence of the transfer rate

4642 (1177). on distance. For both types of interactions, the transfer
(4) P. N. Prmsd J. R. Morgan, and M. A. El-Sayed, J. Phys. Chem., rate is strongly dependent on the donor-acceptor distance.

8,2566 (1961).
(5) J. C. Bellovs and P. N. Pramnd, J. Phys. Chem., 86, 328 (1982). One can define an interaction radius,' R, as the donor-
(6) D. L Deter, J. Chem. Phys., 21, 836 (1963). acceptor distance for which the energy transfer rate is

0022-3654/63/2087-0383$01.50/0 © 1983 American Chemical Society
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equal to the unimolecular decay rate. From eq 1 and 2 one
finds

Ro = R'/d = (r 0/r)"' (3a)

Ro = 1 + (1/yd) In (ro/T) (3b)

for multipolar and exchange interactions, respectively,
where R0 is the interaction radius in units of the lattice
spacing, d. The number of sites (excluding the one occu-
pied by the donor) within the interaction volume, n, is
given by

n = %irR03 
- 1 (4a)

n =f 21rR 2- 1 (4b) (-m,/
Fligwe 1. Emission profile l(v) for a Gaussian absorption profile in a

n = 2Ro - 1 (4c) single-component crystal with an energy transfer interaction volume
of n sites. Plotted from right to left are the Gaussian absorption profile

for 3-D, 2-D, and 1-D interactions, respectively. and the emission profiles for n = 101. 102, 
10

3, and 10' sites. re-
We now consider the steady-state excitation of sites on spectively. The enrssion profile Is found to shift to lower energy and

the high-energy side of the inhomogeneous profile where to narrow in width with increasing n.

the probability of an acceptor site being in the interaction
volume of the initially excited site is near unity. The initial
excitation will thus transfer exothermally with unit prob-
ability. The exothermic energy transfer process continues

'p until a site is reached for which no lower-energy acceptors .
lie within the interaction volume. The excitation is thus
trapped and will then radiate. Assuming that the initial
excitation finds these trapped sites with equal probability,
the emission profile will represent the energetic distribu-
tion of sites for which no lower-energy acceptors lie within
the interaction volume. The distribution of trapped sites
can be obtained from calculating, as a function of v, the T

product of the probability that a site at energy P has no 0 "" 1 " 4. 0 L"
lower-energy acceptors within the interaction volume and , ,
the relative number of sites at energy P.

The probability that an energetically excited site has no Figure 2. Shift in the guest emission maximum from the absorption
lower-energy acceptors within the interaction volume given maximum normalized by the Gausslen absorption width r (hwhm) vs.

the interaction volume n. From bottom to top, these curves are for
by n is (1 - X,)n, where X, is the mole fraction of acceptor guest mole fractions p = 1.0. 0.5, 0.2. and 0.1, respectively.
sites and is dependent on the excitation energy, v, of the
site for the system considered here. For an inhomogene-
ously broadened single-component crystal with a Gaussian
absorption profile centered at Pm., the corresponding I,

emission profile, I(P), is given by

I(i) (constant)(1 - x,) exp(-ln 2((v - ,)/r) 2 ) (5) _C

where r is the Gaussian width (hwhm), and

, = F-P(In 2/Tr) /2f exp(-In 2((Y' - v.)/r) ) d /(6)

For an optically active guest species in a spectrally inert T T r

host lattice where the guest species occupy the host lattice " 0' . '. " V C

sites with probability p (given by the overall mole fraction 1co(3(")
of the guest), eq 5 holds with x, -" x',p, where x', is de- FIlure 3. Guest emission lne width (fwhm) normalized by r' vs. the
termined from the guest absorption profile by using eq 6. interaction volume n. From bottom to top, thse curves are for guest

Results mole fractions p = 1.0, 0.5. 0.2, and 0.1, respectively.

In this section we present our results of the numerical lower energy where the concentration of possible lower-
evaluation of eq 5. The emission line shapes for several energy acceptors is smaller. The shift in the emission
values of n in the range of 10-10000 sites for a single- maximum from the absorption maximum and the emission
component disordered crystal are displayed in Figure 1, line width vs. the interaction volume are plotted in Figures ",

along with the Gaussian absorption profile. Figure 1 il- 2 and 3, respectively. From the absorption and emission
lustrates that, as the interaction volume gets larger, the spectra of a system, one can find n, the number of sites
emission profile is shifted further to lower energy and the within the interaction volume, from the energy difference
emission line width narrows. These results can be un- of the absorption and emission maximum using Figure 2.
derstood with the physical model used here. For a par- Similarly, one can also determine n using the emission line
ticular energetically excited site, the probability of finding width and Figure 3. Knowing n, one can infer the mi-
a lower-energy acceptor site within the interaction volume croscopic energy transfer parameters in eq 1 and 2 from
grow with the interaction volume. The distribution of the eq 3 and 4 assuming a particular coupling mechanism and
emission frequency of the trapping sites is thus shifted to dimensionality.
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mensional superexchange mechanism is not dominant, (c)
.' "\ eq 7 is not the correct one to use for a system in which AEA is also a disorder parameter. This makes the transfer time

/f between a particular donor-acceptor pair dependent not
I only on the donor-acceptor separation but also on the
I, random energy barriers due to intervening molecules of

-.1 1 higher triplet energy levels. A detailed theoretical de-'7 ,velopment of this important problem is needed.
We now consider possible three-dimensional interac-

tions. At low acceptor concentrations, which is the case
for the region of observed emission in BCN (see Figure 4),

20100 20200 20310 0.,J energy transfer by weaker but more isotropic interactions
*. :may become important. 2 From n = 365 one obtains R0

= 4.5 for a three-dimensional interaction. For direct ex-

Fin 4. Emission and absorption spectra of the TI-S o transition of change in three dimensions, using # < 7.4 cm - I as an upper
1 4 co mne (BCN) at 4.2 K. The observed absorption limit for the isotropic exchange interaction, one obtains
profie of the zero phonon Ine of the 0,0 band Is fitted to a Gaussian -yd < 7 using eq 3b. For superexchange in three dimen-
centered at 20 284 cm-' with r = 32 cm-1 (sold 1e). The observed sions using an effective AE = 76 cm-1 and eq 7 one obtains
narrowed emission profile centered at 20 208 cm-' along wsi the
calculated enission be stepe (sold Ine) usng eq 5 wNh n = 365 sites. an isotropic#3 = 0.6 cm-1. We also consider the isotropic

dipole-dipole mechanism here. Using R0 
= 4.5 and eq 3a,

Absorption and Emission Spectra of BCN. The ab- one obtains a value for the nearest-neighbor dipolar
sorption and emission spectra of the T1-S 0 transition of transfer time r = 2.6 js.
BCN at 4.2 K are shown in Figure 4. The spectra were We have analyzed the emission spectrum of BCN in
recorded in a similar manner to, and are in agreement with, terms of one-dimensional exchange-type interactions, as

" those reported in ref 5. The absorption spectrum was observed for the triplet exciton in the analogous DBN
fitted with a Gaussian profile centered at 20 284 cm -' and system, and possible three-dimensional interactions. The
with r = 32 cm - 1. The calculated trapped emission results suggest that the energy transfer at low concentra-

" spectrum shown in Figure 4 is that for n = 365 sites and tions in this system is three-dimensional or that the ap-
is found to be in good agreement with the observed proximate analysis of one-dimensional energy transfer in
spectrum. We now discuss this interaction volume in terms this system is inadequate. We could not, however, dis-
of the different energy transfer mechanisms which might tinguish between three-dimensional exchange-type and
be expected to be important for BCN. dipole-dipole interactions. In this respect, we note that

The napthalene skeletons of the different BCN mole- recent time-resolved phosphorescence line narrowing
cules are stacked along a one-dimensional array,' similar studies of the TI-S0 transition of BCN in the low-energy
to the 1,4-dibromonaphthalene (DBN) crystal for which region where the BCN phosphorescence is observed in-
the triplet exciton dynamics are found to be one-dimen- dicate that the energy transfer is of a three-dimensional
sional and to occur through exchange coupling with a dipole-dipole nature.9 From the data in ref 9, a value of
nearest-neighbor interactionfl, of 7.4 cm-.8 The 365 sites r for dipolar coupling on the order of 10 us is obtained,
contained in the interaction volume would yield an in- in good agreement with the value of 2.6 Ms obtained here
teraction radius, RP, of 182 for a one-dimensional inter- from the absorption and emission spectra.
action. Using P = 7.4 cm - 1, Ro - 182, and r0 

= 20 MO for
BCN, one obtains from eq 3b a value foryd for direct 1-D Conclusions

- exchange of 0.1. Exchange interactions are usually of In this Letter we have presented a simple, but quite
shorter range, i.e., yd >> 1, with -d 5 being typical for general, model explaining the observed emission profile
many aromatic systems.' 0  At these relatively large do- from energy trapping sites in inhomogeneously broadened
nor-acceptor distances, superexchange, rather than the systems, where kT << F, i.e., when only exothermic energy
exchange, mechanism is expected to be dominant for the transfer occurs. The competition between radiation and
BCN system. For the superexchange mechanism the rate energy transfer is taken into account by the formulation
of energy transfer at a distance (N + 1)d is given by" of an interaction distance R0 where the radiative and

W(R) "e (1/r) exp(N In (O/AE)) (7) transfer times are equal. An energetically excited site with
no lower-energy acceptor sites at a distance R _< R0 is

where AE is the separation between host and guest sin- considered trapped and will contribute to the observed
- glet-triplet transition energies. For BCN one can assume emission. The emission profile is then calculated from the

that AE in this disordered system is given by the energy transition energy distribution of these trapping sites. From
separation between the absorption and emission maxima. the absorption and emission profiles one can determine
Using AE - 76 cm- ' and N = 181, one finds 66 cm- .  the microscopic energy transfer parameters in eq 1 and 2
This value of P is about 1 order of magnitude larger than knowing the radiative lifetime of the system in the absence
the value determined for DBN. s This could be due to the of energy transfer and assuming a particular coupling
following- (a) the assumption used for AE, (b) one-di- mechanism and dimensionality.

(7) J. C. Bellows, . D. Stevens, and P. N. Prmad, Acta Crystallogr., Acknowledgment. We thank Dr. Paras Prasad for
7t. B, 34, 3256 (1978). supplying us with the BCN sample. The support of the

(8) L. M. Hocbdtrimr and J. D. Whiteman, J. Chem. Phys., 6, 594 Office of Naval Research is greatly appreciated.
(1972).
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(10) A. Blumen and R. Silbey, J. Chem. Phys., 70, 3707 (1979).
(11) G. C. Nieman and G. W. Robinson, J. Chem. Phys., 37, 2150

(1902). (12) J. Kiafter and R. Silbey, J. Chem. Phys., 72, 849 (1980).
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SEnergy Transfer Mechanism Switching In Disordered Solids

Jack R. Morgan and M. A. El-Sayod"
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The excitation decay of the long wavelength portion of the inhomogeneously broadened 0,0 band of the T,
So transition due to triplet-triplet energy transfer in 1-bromo-4-chloronaphthalene (orientationally disordered

solid) at 4.2 K is analyzed in terms of one-dimensional exchange and three-dimensional dipole-dipole mechanisms.
The fit to a dipole-dipole mechanism is observed at long decay times and very long excitation wavelength (i.e.,
very low acceptor concentrations). As the excitation wavelength decreases (i.e., as the acceptor concentration
increases), the one-dimensional exchange mechanism, which describes only the early portion of the decay at
the longest wavelength, begins to dominate in describing the full decay range.

Introduction arises from the relative orientation of the chlorine and

Disordered solids have a number of properties not bromine atoms in the solid. The disorder changes the
possessed by crystalline solids. For example, excitation inhomogeneous line width at 4.2 K from 1 cm-' for 1,4-
energies of the different molecules in the disordered solid dibromonaphthalene to over 80 cm-t in BCN.8 Steady-
have a larger spread than in crystalline solids, resulting state excitation of the singlet manifold of this system re-
in a larger inhomogeneous line width for the former (100 sults in phosphorescence8 with a 20-cm -1 half-width ap-
cm -1 as compared to 1 cm -1 at 4.2 K). Furthermore, in pearing at the long wavelength edge of the 0,0 band of the
disordered solids, the distance between molecules that can T1-S 0 absorption. 8 Time-resolved spectral diffusion results
exchange excitation energy is not constant leading to an at 4.2 K following excitation in the 0,0 band of the TI-S 0
energy diffusion constant which changes with time' after transition of the BCN solid have recently been published.5

a pulsed excitation of the donor in the system. Since the These studies5 showed that the rate of the triplet energy
different energy transfer interactions may be of different transfer increased as the wavelength of the laser (the donor
dimensionality and are expected to be most effective at absorption) decreases. As the laser excites molecules of
different ranges of donor-acceptor separation, i.e., at higher triplet energy within the inhomogeneous line width,
different time scales after the donor excitation, it is pos- the mole fraction of molecules within the BCN solid to
sible that, by selecting the proper disordered solid, a switch which the excitation can be transferred increases. This
in the excitation transfer mechanism from a short range leads to an increase in the transfer rate.
and less isotropic interaction to a long range and more The BCN system seems to be the appropriate solid for
isotropic interaction might be observed by analyzing the these studies. At 4.2 K pulsed laser excitation produces
temporal dependence of an excited donor population at a set of donors of a certain energy. The emission intensity
a certain acceptor concentration.2 Such a behavior is not from these molecules, after correcting for first-order decay,
expected for crystalline materials, monitors the population of the donor decay due to the

Two different types of energy transfer studies have been energy transfer process to molecules having equal or lower
carried out. The usual one is that in which the donor and T 1-S 0 transition energy. Analysis of this decay in terms
acceptor are two different chemical species. In the second of available theoretical expressions for different transfer
one, using lasers, a set of molecules or ions within the mechanisms could examine the possibility of energy

., inhomogeneous profile (Av,,h) can be excited, thus acting transfer mechanism switching. Such a possibility has
as the donors. Some of the species of the same chemical previously been discussed.
remaining unexcited can act as the acceptors. If kT > The results show that, at low acceptor concentrations
Ar'., then all the unexcited species are indeed acceptors (i.e., when exciting at the very long wavelength edge of the
and the energy transfer process occurs to species of higher 0,0 band), the decay curve could not be fitted to a single
or lower frequency than the donor by phonon-assisted mechanism. It could, however, be fitted to a one-dimen-
processes,3 e.g., Eu, + in phosphate glasses.4 If, however, sional electron exchange expression 9 at short times and a
kT << Avia, only those species with absorption frequencies three-dimensional dipole-dipole expression' 0't at long
equal to or lower than those excited with the laser are times. The range of the fit of the exchange mechanism
potential acceptors, e.g., the transfer in orientationally increases and that for dipole-dipole decreases as the ex-
disordered 1-bromo-4-chloronaphthalene 5 (BCN) at 4.2 K. citation wavelength decreases (i.e., as the acceptor con-

In BCN, the naphthalene skeletal of the different BCN centration increases). These results are explained as
molecules are stacked along a one-dimensional array,6 follows: At low acceptor concentrations the probability
similar to the 1,4-dibromonaphthalene crystal for which of finding a BCN molecule with triplet energy equal to or
the energy transfer is found to be one dimensional and to less than the donor energy and which is located nearby on
occur by exchange coupling.7  The disorder, however, the linear chain for electron exchange coupling is very

small. This freezes the short-range exchange mechanism
(1) B. W. Ham and IL Zwanrig, J. Chem. Phys., 46, 1879 (1978). and allows for the long-range three-dimensional dipole-
(2) J. Klshe and I. Bilbey, J. Chem. Phys., 72, 849 (190). dipole mechanism to take over. Of course, as the excitation
(3) T. HohMin, B. K Lyo, and I Orbach, Phys. Rev. Let., 36, 891 wavelength decreases and the acceptor concentration in-

(1976).
(4) (a) P. Avour, A. Campion, and M. A. 31-Bayed, Chem. Phys.

Lot, ,9 (1977), (b) J.R M W nd M. A. Zk-eyed, J. Phys. Chem., (7) R. M. Hoehatrser and J. D. Whiteman, J. Chem. Phys., 56, 5945
W 3506 (1961). (1972).

(5) P. N. Prand, J. IL Morpn, and M. A. N-Bayed, J. Phys. Chem., (8) J. C. Bellow. and P. N. Pramd, J. Phys. Chem., N, 328 (1982).
86 so* (1961). (9) A. Blumen. J. Chem. Phys., 72, 2632 (1980).

(6) J. C. Bhloa . D. Stevns, and P. N. Prmad, Acta Crystalogr., (10) M. Inokuti and F. Hirayams, J. Chem. Phys., 43, 1978 (1965).
St. B, 4, 3256 (1178). (U1) A. Blumen and J. Mans, J. Chem. Phys., 71, 4694 (1979).
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creases, the probability of finding a nearby BCN molecule 1.00- --

which satisfies the energy conservation condition during
the transfer process also increases, leading to the domi- - --- -
nance of the exchange mechanism. :<-

Experimental Section '

The 1-bromo-4-chloronaphthalene was supplied by .10-
Professor P. Prasad. It was extensively zone refined.
Crystals were grown from the melt in a Bridgmann furnace. .
Samples were immersed in liquid helium at 4.2 K. A
Quanta-Ray Nd:YAG pumped PDL-1 pulsed dye laser
with a spectral width of -0.3 cm -1 and a pulse width of
6 ns was used as the T1-So excitation source at -0.5
mJ/pulse. Front surface excitation was used throughout.
The emission was dispersed with a 1-m Jarrell-Ash .014- T I I I

monochromator with a 2-cm -' slit width. The monochro- t Gs)
mator was carefully tuned to the donor 0,0 -321 cm -' vi- Figure 1. The fit of the early portion of the decay of the triplet ex-
bronic band so as to follow the donor phosphorescence. A citaon due to et-tlriet energy transfer to an exchange mechanism
gated phototube 2 was used in order to reject the intense for different excitation wavelengths (4947. 4943. 4942. and 4940 A
scattered laser light. The frst 8 As of signal following the from top to bottom, respectively) within the 0,0 band of the T, -- So
laser pulse was rejected due to interference from switching transition In 1.4xomo.4-chloronaphthalem at 4.2 K. The range of the
the focus electrode. The signal was fed into a Biomation fit increases as the excitation wavelength decreases, i.e., as the ac-

806 waveform recorder. The digitized signal was averaged ceptor concentration increases.

by a homebuilt signal-averaging computer and analyzed TABLE I: A Comparison of the Value of the Excitation
on a PDP 11/45 computer. Probability (P) for Which the One-Dimensional Exchange

Fit Ends and the Three-Dimensional Dipolar Mechanism"
Results and Discussion Begins for Different Excitation Wavelengths ( exc)

The physical quantity of interest in these experiments pa
is the donor excitation probability after correcting for the at end of 1-D at start of 3-D
population loss due to unimolecular decay processes, P(t), cxc, A exchange fit dipolar fit
and is given by (I(t)/l0 ) exp(t/70), where I(t) is the
phosphorescence intensity at time t, Io is the intensity at 4947 0.55 0.66
t = 0, and ro is the first-order lifetime of the T, -- So 4946 0.56 0.624945 0.49 0.57
transition. I0 was determined by extrapolating a log I vs. 4944 0.28 0.34
t fit to the first 10-60 As of signal to t = 0. We estimate 4943 0.28 0.24
I 0 determined in this manner to be accurate to 120%. To 4942 0.19 0.17
was determined by fitting the decay at long wavelength 4941 0.08 0.10
and time, where the unimolecular decay dominates, to the 4939 0.015
first-order decay law and found to be 20 ms. 40

Fit of Donor Excitation Decay to One-Dimensional a These values are obtained from one set of data. A
Exchange Mechanism. It is generally accepted that trip- least-squares fit was made with a value for x' of 10-1-10-'.
let-triplet energy transfer between organic molecules oc- These values are the point where the data begin to deviate

curs via an electron exchange mechanism. Though the from the fitted line and should be good to ± 10-20%.

nature of the exchange interaction is of short range, even which guest-guest transfer occurs.
trap-to-trap migration of triplet excitations over an order The theory of the time dependence of the donor lu-
of ten intervening host molecules in mixed organic crystals minescence for direct energy transfer via exchange to
has been interpreted in terms of exchange or superex- randomly distributed acceptors has been worked out for
change.13 For a single donor-accepter pair, the energy all dimensions.' Triplet-triplet exchange interactions in
transfer rate W(R), where R is the position of the acceptor 1,4-dihalonaphthalenes have been shown to be highly an-
relative to the donor position, can be written for the ex- isotropic, with the dominant interaction along the direction
change coupling as" almost perpendicular to the plane leading to a one-di-

-"W(R) = 1/" exp[a(d - R)] (1) mensional character for the exchange interaction." For
one-dimensional exchange, Blumen9 finds that the time

where d is the nearest neighbor distance, 7 is the transfer dependence of the donor excitation probability, P(t), after
time at the nearest neighbor distance, and a is a measure subtracting out the first-order decay, can be described by
of the dependence of the transfer rate on distance. For ) 0
superexchange t  In P(t) efi -(ad)-C In ea +0.57722 (3)

W(R) - 1/r exp[n in (#/AE)] (2)
where C. is the mole fraction of sites occupied by acceptor

=wham r is the nearest-neighbor transfer time via direct molecules. For superexchange interactions, eq 3 describes
esehang, 0 is the near-neighbor energy transfer matrix, the decay with -In (B/AE) substituted for ad.1 5
At is the Onegy difference between host and guest bands Figure I shows the fit at early times to eq 3 for several
and is >>P, and n is the number of host molecules over excitation frequencies (.,) on the low-energy side of the
__0,0 absorption band of the T, - So transition. We plot

(12! W. D. Hopmeil, Thess, UsWesy of California, Los Angeles, log P vs. log t. On this choice of scales, the decay should
am. be linear for transfer to randomly distributed acceptors

(1,) G. C. Niemnm abd 0. W. Robimosa, J. Chem. Phys., 37, 2150

(14) D. L Dseuii, J. Chem. Phys., 21, 836 (1963). (15) A. Blumen and R. Silbey, J. Chem. Phys., 70, 3707 (1979).
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by the exchange mechanism with a slope of -Ca/(ad). 1.00

Table I gives the value of P for each excitation wavelength
at which the observed decay curve starts to deviate from
the fit. It is clear from these values that, although the fit
is poor at long excitation wavelengths (4947-4945 A) (low
acceptor concentrations), the fit describes almost the entire
decay at the lowest excitation wavelength used (4939 A) Q .10
(Le., higher acceptor concentrations). At shorter than 4939
A, the expected exchange mechanism must then be the sole -

transfer mechanism in this crystal.
Fit to a Dipole-Dipole Mechanism. Could the deviation

from the fit to an exchange mechanism at long times and
excitation wavelengths (low acceptor concentrations) be
a result of competition with the long-range dipole-dipole .01 -
mechanism? In order to test this possibility, we examine 0 10 20 30 40

the fit of the long time of the decay to theoretical ex- t12 (. )

pressions derived for dipolar three-dimensional transfer Figure 2. The fit of the long time portion of the decay of the triplet
in disordered systems. excitation of the 0.0 band of the T, - So transition of 1-bromo-4-

For a single donor-acceptor pair, the energy transfer rate chloronaphthalene at 4.2 K due to triplet-triplet energy transfer to a
for multipolar interactions can be written a814  three-dimensional dipolar mechanism for the excitation wavelengths

given In Figure 1. The range of the fit is better at longer excitation
W(R) = 1/r(d/R)s (4) wavelengths, i.e., at low acceptor concentrations.

where S = 6, 8, and 10 for dipole-dipole, dipole-quadru- energy to nearby molecules with triplet energies equal or
4 pole, and quadrupole-quadrupole interactions, respec- lower than their own. As time goes on, the probability of

tively. The time dependence of the donor excitation finding this type of molecule decreases and the long-range
probability for transfer to randomly distributed acceptors three-dimensional dipole-dipole mechanism takes over. As
by multipolar interactions has been worked out in three the excitation energy increases, i.e., the acceptor concen-
dimensions 0 and later generalized to all dimensions." For tr ation increases it accepdirgocen-[ Jdipole-dipole transfer in three dimensions, neglecting hack tration increases, the probability of finding molecules with

iotransfer, the de in the d on , negecing back equal or lower energy at close distances becomes nonvan-
decay of the donor can be described by" ishing even at long decay times and the exchange mech-

In P(t) = -4/3rr(1/2)C,(t/) 1/2  (5) anism becomes dominant, as expected for triplet-triplet
whee renergy migration in crystalline solids. As support for
where r is the gamma function, possible competition between two mechanisms at low ac-The fit of the long-time donor decay to eq 5 isshv ceptor concentrations, Table I shows that the value of P
in Figure 2 where we plot log P vs. t1 / 2. It is interesting at whic thenxchang e ech s bein to fal in d
tobevthtteftcvrdalrepotooftedcy at which the exchange mechanism begins to fail in de-
fto olsrve tcat the fit covered a larger portion of the decay scribing the decay data (taken from Figure 1) is similar
for long excitation wavelength (low acceptor concentra- to that at which the dipole-dipole mechanism begins to
tions). Table I shows this clearly. It gives the maximum describe the transfer decay process at long times (taken
value of P at which the observed decay data begins to from Figure 2). Detailed concentration dependence of the
deviate for the dipole-dipole equation for the different transfer in both mechanisms is now under examination and
excitation wavelengths used. P. is highest for longer will be published soon.
wavelengths of excitation (lowest acceptor concentrations).

The above results shown in Figures I and 2 as well as Acknowledgment. The authors thank Professor P.
in Table I can be summarized as follows: At short times Prasad for supplying us with the samples and for fruitful
of decay, the exchange mechanism seems to fit the data. discussions. M.A.E. thanks Dr. Abe Blumen of the
This fit continues for longer times as the acceptor con- Technical University of Munich for useful discussions.
centration increases (i.e., donor excitation wavelength M.A.E. also thanks the Alexander von Humboldt Foun-
decreaes). A three-dimensional dipolar mechanism might dation for a Senior U.S. Scientist Award during which
he involved at very low acceptor concentrations at longer some of the thought and writing of this manuscript took
decay times. If this is true, the above data demonstrate place. The financial support of the Office of Naval Re-
for the first time that a switch of the transfer mechanism search is gratefully acknowledged.
is taking place during the energy transfer for low acceptor
concentrations. At short times, donor molecules lose their Registry No. 1-Bromo-4-chloronaphthalene, 53220-82-9.
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The separation between the ions or molecules in disordered solids varies at random. The optical transition
energy could also vary over a wide range for the different molecules or ions in the solid resulting in a large
inhomogeneous line width (AVmh). This allows energy transfer and spectral diffusion studies to be carried out
between the same chemical species but at different local environments in these solids by using lasers for excitation.
Furthermore, when carried out at temperatures at which kT « AVinh, energy transfer becomes unidirectional,
i.e., to molecules or ions having transition energies equal to or lower than the laser-excited donors within the
inhomogeneous profile. This allows studies on the dependence of the rate and mechanism of the energy transfer
on the acceptor concentration (i.e., on donor-acceptor separation) to be carried out by simply changing the
laser wavelength within the inhomogeneous profile. By analyzing the temporal behavior of the emission intensity
of the pulsed-laser-excited set of molecules or ions (donors), the mechanism of the excitation transfer can he
elucidated. These types of studies are carried out on the triplet-triplet energy transfer in a unique type of
disordered solid, orientationally disordered molecular solids, e.g., 1-bromo-4-chloronaphthalene (BCN) neat
solid. In this solid, the TI-S0 transition energy is inhomogeneously broadened with AVih = 64 cm 1 . The temporal
behavior of the donor emission intensity can be described by a one-dimensional electronic exchange mechanism,
expected for triplet-triplet energy transfer in this system, at laser wavelengths for which the mole fraction of
acceptors is >0.1. At longer wavelengths, i.e., for acceptor mole fractions <0.1, the lower energy acceptors are
on the average at distances for which the exchange mechanism becomes inefficient. This might explain the
observation that, at these wavelengths, the intensity temporal behavior can be described by the long-range,
three-dimensional electric dipole-dipole mechanism. Not only the observed temporal behavior but also the
quantitative acceptor concentration dependence results point to the possibility of the mechanism switching
for the triplet-triplet energy transfer process in this system. At still larger donor-acceptor separation, the
dipole-dipole mechanism becomes inefficient and the excitation energy becomes trapped on some of these
randomly distributed sites. This allows radiative processes to be observed from these sites. As a result, the
observed emission profile of the solid at low temperature is determined by the energy distribution of the emission
of the trapping sites. Predictions based on these ideas are used and a fit is made to the 4.2 K observed
phosphorescence profile of the BCN solid. The theoretical fit to the observed emission profile is discussed
in terms of the possible energy transfer mechanism(s) discussed above.

Introduetlon type of disorder is the 1-bromo-4-chloronaphthalene (BCN)
In recent years, considerable interest has been shown crystal.1 2

in the optical properties of disordered solids, where the In all of the above systems, the disorder results from a
disorder can affect both the static and dynamic properties random distribution of the separation between the dif-
of electronic excitations. Research activities have been on ferent molecules or ions being studied. In the first and
three different types of these systems: the first is rare- third systems, the separation as well as the transition en-
earth ions in inorganic glasses,' the second is protonated ergy of the molecules or ions of interest can also vary over
and deuterated isotopically mixed aromatic crystals, 7 and a reasonably wide range. This gives rise to a relatively large
the third (more recently) is orientationally disordered inhomogeneous line width (Avnh) for these systems than
solids" -0 (ODS). The latter are molecular crystals which for crystalline materials. In these solids, where the long-
retain a high degree of translational correlation in terms range structural order of simple crystals is absent, not only
of lattice positions of the center of mass and general mo- the inhomogeneous width but also the homogeneous line
lecular orientation but show a distribution of orientations width is found to be broader than in crystalline materi-
with respect to substituent groups."1  An example of this als.",14 The homogeneous broadening in glasses has been

interpreted""'5 in terms of the 'two-level system" model' 9"
which postulates the existence of a tunneling-type motion

(1) Motegi, N.; Shionoya, S. J. Lumin. 1973, 8, 1. of atoms or molecules between two inequivalent minima.
(2) 1 Bayed, M. A.; CAmpion, A.; Avouris, P. J. Mol. Struet. 1978,46, Both the inhomogeneous and homogeneous line widths of

3A. Eu3+ in B203 glasses have been found 2
1 to be sensitive to,(3) Avoids, P.; Campion, A.; Ml Sayed, M. A. Chem. Phys. Lett. 19177

50,19.
(4) Chu, S.; Gibb, H. M.; McCall, S. L; Piner, A. Phys. Rev. Lett. (12) Bellows, J. C.; Prasad, P. N. J. Phys. Chem. 1982, 86, 328.

IWO 45,171& (13) Selser, P. M.; Huber, D. L.; Hamilton, D. S.; Yen, W. M.; Weber,
(5) HMass, J. R.; El Bayed, M. A. J. Phys. Chem. 1981, 85, 3566. M. J. Phys Rev. Lett. 1976, 36, 813.
(6) Kopebman, R.; Monber, . M.; Ochs, W. Chem. Phys. 1977, 19, (14) Hegarty, J.; Yen, W. M. Phys. Rev. Left. 1979, 43, 1126.

41. (15) Reinecke, T. L. Solid State Commun. 1979, 32, 1103.
(7) Sn D. D.; Med, R. D.; Zewail, A. H. Chem. Phys. Lett. 1977, (16) Lyo, S. K.; Orbech, R. Phys. Rev. B 1980, 22, 4223.
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and well correlated with, chemical structural changes in- range and more isotropic interaction might be observed
duced by the addition of Na2 O. by analyzing the temporal dependence of an excited donor

At higher impurity concentrations in glasses, spectral population at a certain acceptor concentration,"2 e.g., by
diffusion among the impurity sites due to the nonradiative adjusting the laser excitation wavelength at low temper-
exchange of electronic excitation at temperatures where atures. Such a behavior is not expected for crystalline
kT > Avh.1 has been studied by using time-resolved materials.
fluorescence line-narrowing techniques." - The time de- The TI-S0 transition of BCN at low temperatures has

- pendence of the donor emission, which is sensitive to the an inhomogeneous width on the order of 100 cm '. This
coupling mechanism and disorder in donor-acceptor dis- line width is about two orders of magnitude larger than
tances,1 - '- has been used 23 to show that the transfer is the line width observed for the corresponding transition
dipolar in nature. Similar results are obtained with in 1,4-dichloronaphthalene (DCN) and 1,4-dibromo-
crystalline hosts, where a dipolar mechanism has also been naphthalene (DBN), suggesting that the width in BCN is
found.2 due to the static orientational disorder in the halogen

In the case of molecular crystals, it is now accepted that positions in the crystal. 12 Comparative studies of the
triplet exciton transfer results from the electron exchange crystal structures 33 and Raman spectra 34 of this 1,4-di-
interaction.26 Energy transfer in pure crystals is well- halonaphthalene series show that the one-dimensional

.. understood in terms of the exciton model, 26 where the stacking feature and intermolecular interactions in BCN
,o. electronic energy levels of the molecules become bands in are similar to DBN for which one-dimensional exchange-

the crystal. In the isotopic mixed molecular (disordered) type triplet excitons have been observed.'
crystals, the large increase in the energy transfer efficiency Recent results on the time-resolved phosphorescence
at some critical trap concentrations-7 has been interpreted line-narrowing (TRPLN) studies at 4.2 K (kT << AVinh)
in terms of a percolation model,6 a model in which a have shown that following pulsed narrow-band excitation
transition from localized to extended states is important 27  on the low-energy side of the absorption profile the line-
(as in the Anderson transition2s model), and a model based narrowed component (donor) decays with time while the
on a hopping mechanism of excitation transfer. 29  emission from lower-energy sites emerges uniformly. This

Disordered solids in which both the transition energy is interpreted in terms of a unidirectional high to low
and the separation changes over a wide range have a energy transfer. The increase in the donor decay rate with
number of properties not possessed by crystalline solids, increasing donor site energy is interpreted as arising from
First, the excitation energies of the different molecules in the increase in the mole fraction of lower energy acceptor
the disordered solid have a larger spread in excitation sites as one moves to higher energies within the inhomo-
energy than in crystalline solids, resulting in a larger in- geneous profile.
homogeneous line width for the former (100 cm - 1 as com- In this paper, we present the temporal behavior of the
pared to 1 cm -' at 4.2 K). Second, in disordered solids, phosphorescence emission intensity of laser-excited triplet
the distance between molecules that can exchange exci- energy donors in BCN at 4.2 K. From the analysis of the
tation energy is not constant, leading to a diffusion coef- donor emission decay, the coupling mechanism can be

- ficient which changes in time30 after a pulsed excitation inferred. This analysis is carried out as a function of the
of the donor in the system. Third, with the use of lasers, acceptor concentration (i.e., the excitation laser wave-
a set of molecules or ions within the inhomogeneous profile length). The aim of these studies is to look for possible
can be excited, thus acting as the donors. Some of the switching of the energy transfer mechanism in a disordered
species of the same chemical remaining unexcited can act solid like BCN as the donor-acceptor separation (i.e., ac-
as the acceptors. If kT > Av, then all the unexcited ceptor concentration) is changed. The results suggest that

.species are indeed potential aceptors and the energy a possible switching from a one-dimensional exchange to

transfer process occurs to species of higher or lower fre- a three-dimensional electric dipole-dipole mechanism takes
quency than the donor by phonon-assisted promes, 1 e.g., place as the acceptor concentration is reduced below 10

between Eu3* ions in phosphate glasses If, however, kT mol %. At still larger donor-acceptor separation, none of
,<< Au 1 , only those species with transition frequencies the coupling mechanims can compete with radiative pro-

equal to or lower than those excited with the laser are cesses, leading to excitation trapping. On the basis of this
potential acceptors, eg., the transfer in ODS like BCNs'l°  simple idea, a phenomenological description of the trap-
at 4.2 K. In these systems, the concentration of the po- ping process in these disordered solids is given which is

,' tential acceptors can be changed continuously by simply found to account for the observed trapped emission in
changing the wavelength of the tunable laser used for BCN and to give energy transfer parameters which are in
excitation. Since the different energy transfer mechanisms reasonable agreement with the results obtained from the
may be of different dimensionality and are expected to be decay analysis of the temporal behavior discussed above.
most effective at different ranges of donor-acceptor sep- Preliminary reports of this work have recently been com-
ration, i.e., at different time scales after the donor exci- municated.9'10

,, tation, a switch in the excitation transfer mechanism from
a shorter range and less isotropic interaction to a long Explerimental SectionThe BCN was synthesized from 1-amino-4-chloro-

naphthalene by means of a procedure described else-
(22) lokuti, hL; Hiryma, P. J. Chem. Phys. 19U, 43, 1978. where.'2  The material was extensively zone refined.
(23) Blum., A.; Mott. J. J. Chem. Phys. I1M7, 71, 4894. Crystals were grown from the melt in a Bridgemann fur-
(24) Blumn, A. J. Chem. Phys. IM3, 72,2682.
(25) Seler P. W. In ropis in AplO PhWleu; Yen W. K.; Seizer, nace. The 4.2 K measurements were carried out with the

P. M., 3dl; Sprinle. Berlin, 1961; VoL 49, Chapter 4, and referenes sample immersed in liquid helium.
therein.

(26) Crea, D. P.; Webmsley, S. H. "Eacitom in Molecular Crystals;
W. A. IBmin Anisterdem, IN6& (32) Klefter, J.; Silbey, R. J. Chem. Phys. 1380, 72, 849.

(27) Kiefts, J.; Joerbtn, J. Chem. Phys. Lett. 1977, 49, 410. (33) Bellows, J. C.; Stevens, E. D.; Preaed, P. N. Acta Crystalogr.,
(23) And.er, P. W. Phys. Rev. 136, 109, 1492. Sect. B 1978, 34, 3256.
(29) 3Mn, A.; Silbey, R. J. Chem. Phys. 17, 70, 3707. (34) Bellow, J. C.; Prasad, P. N. J. Chem. Phys. 1978, 67, 5802.
(30) Mn. & W.; Zwenul, P. J. Chem. Phys. 1975, 68,1879. (35) Hochtraer, R. M.; Whiteman, J. D. J. Chem. hys. 1972, 56,
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to the disorder. 2 The broad, structureless, and nearly
Gaussian absorption profile lend support to the interpre-

"tation that the inhomogeneous profile is determined I
the static structural disorder.

/ The phosphorescence profile of the 0,0 band of the T,-S,
transition of neat BCN is also shown in Figure 1, which
agrees with that previously reported. 2 The phosphores-
cence profile is observed to be narrower than the absorp-
tion profile and to originate from the low-energy sites
observed in absorption. These results indicate that at 4.2
K a rapid phonon-assisted energy cascade from high to low

20100 j0200 20300 20400 20500 20600 energy sites occurs in neat BCN at 4.2 K. At temperatures
• 'eque,,c\ (cm_ 1 where kT << inhomogeneous width, energy transfer from

low to high energy sites will be negligible since energy
,,mp 1. The emsion and absorption spectra of the T-So transition transfer from low to high energy sites requires the popu-
of 1-bro i h tlene (BCN) at 4.2 K. The observed ab- lation of phonons which will be small in this temperature
sorption profie of the zero phonon lne of the 0,0 band Is fitted to a regime. We will return to the origin of the phosphores-
.u, Im centered at 20 284 cm-' with r = 32 cm-1 (sold line). The cence profile after describing the results of the time-re-
observed nwrowed emission prof centered at 20 208 cm-I along with solved phosphorescence line-narrowing (TRPLN) studies
the calclated emission Ins shape (sold Nne) by using eq 12 with n in this system.

=365 sites.

Spectra were recorded with a 1-m Jarrell-Ash mono- Dynamics of Spectral Diffusion in BCN

chromator with 2-cm- 1 resolution used throughout. The results of the TRPLN studies reported in ref 8 show
Steady-state phosphorescence spectra were obtained by that spectral diffusion of the TI-S0 transition energy occurs
excitation with the 3300-A region of a 100-W mercury- in BCN, where the band shape of the first vibronic band
xenon lamp. Absorption spectra were obtained with a was monitored as a function of delay time. The results
80-W quartz-halogen lamp. The signal was averaged with show that the line-narrowed component decreases in in-
a PAR Model 162 boxcar averager, recorded on a Tra- tensity preserving its width, while phosphorescence from
cor-Northern NS-570A multichannel digitizer, and ana- the lower energy acceptors increases in intensity. The
lyzed on a PDP-11/45 computer. acceptor phosphorescence is observed to increase uniformly

For time-resolved measurements, a Quanta-Ray DCR-1 in time and at long times resembles the steady-state
Nd:YAG pumped pulsed dye laser at a repetition rate of phosphorescence of the 0,0 321-cm- 1 band.
10 Hz with a spectral width of 0.3 cm- and a pulse width The results of the dependence of the rate of spectral
of 6 na was used as the Tl-SO excitation source. Time- diffusion on the donor site excitation energy reported in
resolved spectra of the TI-So phosphorescence of the 0,0 ref 8 show that the energy transfer rate is strongly de-
321-cm -1 band in the wavelength domain were recorded pendent on the donor excitation energy. Excitation at
with the PAR boxcar averager. The temporal dependence lower energies within the absorption profile result in
of the donor phosphorescence was performed by carefully phosphorescence mainly from the initially excited sites.
tuning the monochromator to the donor 0,0 321-cm 1 band With excitation at higher energies within the absorption
so w to follow the donor intensity. Spectra were recorded profile the relative donor to lower energy acceptor phos-
with a Biomation 805 waveform digitizer, averaged with phorescence decreases uniformly. For excitation at 4937
a homebuilt signal-averaging computer, and analyzed on A only the acceptor emission is observed on the time scale
a PDP-11/45 computer. A special gated phototube was used. Excitation at higher energies within the inhomo-
used in order to reject scattered laser light. Due to in- geneous profile results in emission only from the lower
terference from switching the focus electrode, the first 10 energy sites. The phosphorescence from the low-energy
sa of signal following the laser pulse was rejected. In order acceptors following pulsed excitation within the 0,0 ab-
to estimate 10, the intensity at time t - 0, 10 was deter- sorption profile at energies higher than 4937 A is similar
mined by extrapolating a log I vs. log t fit to the first 10- in both width and position to the phosphorescence profile

ns of signal to t = 0. observed with steady-state broad-band excitation of the
S-S0 transition. These results show that the energy

Absorption and Emission Spectra of BCN cascades down to the same energetic distribution of sites
The broad features observed in the Tl-So absorption regardless of the initially excited site energy for energies

spectrum of BCN indicate that the singlet-triplet ab- higher than the phosphorescence profile.
sorption in this system is inhomogeneously broadened. The TRPLN results confirm that the absorption profile
The nature of the inhomogeneous broadening most likely is inhomogeneously broadened and that a one-way energy
ar.e from the static orientational dsorder in the bromine transfer from high to low energy sites occurs in this system.
and chlorine positions in the crystal. The orientational In the BCN system at 4.2 K, kT - 3 cm 1 while the in-
disorder leads to an inhonogeneu distribution of the site homogeneous width is 64 cmi (fwhm). At this tempera-
nergy due to the disorder in the static crystal shift from ture, transfer from low-energy sites to higher-energy sites

the pasous excitation energy. The absorption profile of by the absorption of one phonon is negligible since this
the 0,0 band of the singlet-triplet transition of neat BCN process requires the population of phonons of energy AE12
at 4.2 K is shown in Figure 1. The general characteristics >> kT, where AE12 is the energy mismatch between the
ae in goeement with the spectrum reported in the lit- donor and acceptor sites, which will be very small. For the
e=turen' Shown in Figure I is a fit of the absorption same reason, the higher-order Raman and Orbach type
profie to a aan with a 32-cmi width (hwhm), sug- phonon-assisted processes 3 for transfer from low to high
gsti an inho 1o1neoa type of broadening. A tern- energy sites will also be unimportant at this temperature.

Ad e study of the absorption line shape for The time development of the low-energy acceptor
tCN h shoe that the homogeneos broadening due to phosphorescence reported in ref 8 shows that the initially

inhuras with phone. is much smaller than that due excited line-narrowed component decreases in time pre-
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serving its width while the low-energy acceptor phos-
phoreocence emerges uniformly resembling the steady-state W(R) = (d/RY4 (2)
phosphorescence profile at all times. The acceptor .phosphorescence poe aot altim est the aeor c for isotropic multipolar interactions. Equations I and 2
phosphorescence does not simply reflect the energetic
distribution of all of the lower energy acceptors which is are expressed in terms of d, the nearest-neighbor distance,given by the tail of the Gaussian for E < Ep, where E is and r, the transfer time from a donor to an acceptor at athe energy of the initially excited donors. For symmetric distance d. In eq 1, -f is a measure of the dependence ofth eery f heintill xcte dnos.Fo smmtrc the transfer rate on distance for exchange coupling. The .
energy transfer, where transfer to higher or lower energy
sites occurs with a similar probability, the details of the exponent s in eq 2 is 6, 8, or 10 for electrostatic dipole-
emergence of the acceptor profile and the wavelength dipole, dipole-quadrupole, or quadrupole-quadrupole in-

dependence of the energy transfer rate can be used to teractions, respectively.
determine the dependence of the energy transfer rate on So that the time dependence of the donor excitation
the donor-acceptor energy mismatch.2 .31 The interpre- probability, P(t), in a macroscopic system can be described,
tation of the energy mismatch dependence when energy a statistical averaging of the distances R is necessary. The
transfer is observed to take place only to lower energy distance averaging was first treated by Inokuti and Hira-
acceptor sites is complicated by the increase in the density yama2 for exchange and multipolar interactions in three
of lower energy acceptors as the energy of the donor is dimensions and later generalized to all dimensions for both

increased. This could explain the increase in the energy exchange 24 and multipolar23 interactions. The time de-
transfer rate with increasing donor site energy. The pendence of the donor excitation probability, after cor-
analysis of the temporal development of the low-energy recting for the first-order radiative decay, for exchange can
acceptor phosphorescence is thus complicated by spectral be described by24

diffusion within the acceptor system. For an initial t
transfer step from the initially excited donor at energy El In [P(t)] = -aV(-yd)- cgT eyd (3)
to an acceptor at energy E2 where AE12 is small on the scale
of the average donor-acceptor energy mismatch, the time where V% is the volume of a unit sphere in a space of A
scale of a second transfer step from E 2 to a still lower dimensions, a is a constant - 1 whose exact value depends
energy acceptor will be comparable to the initial transfer on the lattice geometry, and c is the acceptor concentra-
from El to E 2. The occurrence of multiple transfer steps tion. The function g((t/T)ed) is given by 24

for a single excitation will prevent the observation of
phosphorescence from the full acceptor density at higher gl1 ei d- In e + 0.57722 (4a)
acceptor energies. The emergence of the phosphorescencefrom the full spectrum of lower energy acceptors resem- t

bling the steady-state phosphorescence profile regardless g2 7 e-d =

of the initial excitation energy indicates that the energy t 2
transfer process is only weakly dependent on the energy In ed-y + 1.15443 In erd  + 1.97811 (4b)
mismatch. The increase in the energy transfer rate with IT I

increasing donor excitation energy is then predominantly t In t 1 "
due to the increase in the density of acceptors. We now g3 e y In eyd +
turn to the temporal dependence of the donor intensity *au

and assume that the acceptor concentration can be de- 1.73165 In re ,,d) + 5.93434 In t erd + 5.44487
scribed by the mole fraction of sites with energies equal / 7  1
to or less than the initial donor excitation energy. (4c)

Temporal Behavior of the Donor Excitation For multipolar interactions, the time dependence of the
Probability donor excitation probability, after correcting for the

The inhomogeneous broadening of the T1-S 0 transition first-order radiative decay, can be described by 23

energy in BCN is mumed to be microscopic in nature with (
a random smtal distribution of transition energies. A high In [P(t)] = -V4rPI - -c(t/r)1/ (5)
degree of correlation in site energies would most likely
result in a distortion of the low-energy acceptor phos- where r(1 - A/s) is the gamma function. The above results

S phorescence profile with different excitation wavelengths were obtained for low acceptor concentrations and neg-
due to preferential energy transfer to a particular type of lecting back transfer from acceptor to donor.
acceptor. The uniformity of the acceptor phosphorescence It is generally accepted that triplet-triplet energy
with time and donor excitation wavelength suggests that transfer in organic molecular crystals is of the exchange
the site energies are to a good degree uncorrelated, at least type. Though the nature of the exchange interaction is
on the low-energy tail of the absorption profile where all of short range, even trap-to-trap migration of triplet ex-
of our mmmemants have been made. The random nature citations over an order of 10 intervening host molecules
of the site energies at the low-energy side of the absorption in mixed organic crystals has been interpreted in terms of
profile results in a distribution of the distances between exchange or superexchange. In a study of the exciton
dosor and lower energy acceptors. For a single donor- dynamics in DBN,35 it was found that the exciton could
acceptor pair the energy transfer rate W(R), where R is well be described by a one-dimensional behavior along the
the position of the acceptor, can be written as sUw DBN stack with a nearest-neighbor exchange coupling #

1 of 7.4 cm -i, wherer = h/. The one-dimensional behavior
W(R) - - exp[v(d - R)J (1) was attributed to the strong pr orbital overlap between

nearest neighbors in a direction almost perpendicular to
for isot exchange coupling, and the molecular plane. In a comparative study of the crystal
___structures of the 1,4-dihalonaphthaenes it was found that,

(Is) er, T. Z. Neguworwh. A 19 , 4, 321.
(87) Dst, D. L J. Chem. Phys. I 21, Me. (38) Niemann, G. G.; Robinson, G. W. J. Chem. Phys. 1962, 37, 2150.
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t. FI9lgp* 3. The magnitude of the slope of the 1-0 exchange fit (-m, .E)

FIgw. 2. The fit of the early portion of the decay of the triplet ox- to the early portion of the decay of the triplet excitation shown in Fgure
cIation due to lriplet-triplet energy transfer to an exchange mecwnim 2 vs. the mole fraction of lower energy acceptors (X,) determined from
for dfferent excitation wavelengths (4947, 4943, 4942, and 4940 A eq 6 for BCN at 4.2 K. The sold ine is the graph of -mo = X,,/yd
from top to bottom, respectively) withIn the 0,0 band of the TI-S 0  where 'yd = 0.1. The dashed lIne is for )d = 5, a value typical for
transition In 1 b. I at 4.2 K. The range of the many aromatic systems.2'
fit Increases as the excitation wavelength decreases, i.e.. as the ac-
ceptor concentration Increases. where r is the Gaussian width (hwhm) centered at v:.

From Figure 1 we find r = 32 cm -1 and v. = 20284 cm -1

although DCN and BCN crystallize in a somewhat dif- for the 0,0 band of the T,-S0 transition of BCN at 4.2 K.
ferent structure (P21/c, Z = 4) than DBN (P21/c, Z = 8), The magnitude of the slope of the (l-D) exchange fit,
both structures show a very similar stacking feature sug- -mI.D. vS. X, is shown in Figure 3. The solid line is the
gesting that the BCN structure should also show a one- graph of -mI.E = Xd/yd where -d = 0.1. Exchange in-
dimensional intermolecular interaction. 33 The study of the teractions are usually of shorter range, i.e., yd >> 1, with
Raman spectra in the neat and mixed crystals has sug- -yd = 5 being typical for many aromatic systems.29 For
gested that the intermolecular interactions in the 1,4-di- illustrative purposes, the expected concentration depen-
halonaphthalenes are similar.3 ' dence of -ml.D.E for -yd equal to 5 is also displayed in Figure

Because of the similarities of the interactions in the BCN 3. From the poor fit of the 1-D exchange mechanism we
crystal, to those in the DBN crystal, where one-dimensioaa conclude that this mechanism is not the dominant energy
exchange-type excitons are observed, we will first examine transfer mechanism for the excitation energies used here.
the temporal dependence of the donor phosphorescence At these relatively low acceptor concentrations, superex-
intensity in terms of one-dimensional exchange interactions change, rather than the exchange mechanism, may be
in order to test if this dimensionality and type of inter- expected to be dominant. For the supperexchange
action is preserved for the long-range (greater than nearest mechanism the rate of energy transfer at a distance (N +
neighbor at low acceptor concentrations), nonresonant 1)d is given by38
energy transfer that results from the inhomogeneity of the 1
TI-80 transition in BCN. The fit of the donor excitation W(R) = - exp(N In (Ii/AE)) (7)
probability after correcting for the first-order radiative
decay, P(t), to the one-dimensional exchange mechanism where AE is the separation between host and donor sin-
by using eq 3 and 4a for several excitation wavelengths on glet-triplet transition energies and is >> 0. From the
the low-energy tail of the 0,0 band of the TI--S0 transition similarity of eq 1 and 7 one can see that the form of the
of BCN is shown in Figure 2 where we plot log [P(t)] vs. superexchange interaction is the same as the exchange
log t. The quantity P(t) = I(t) exp(t/0), where I(t) is the interaction with -In (8/ E) equivalent to yd.2 Equation
phosphorescence intensity normalized to one at t = 0 and 3 may then describe the donor excitation probability with
ei th radiative lifetime in the absence of energy transfer. -yd = -In(#/ AE). We define the host species in BCN as

On this choice of scales, the decay should be linear for those molecules with transition frequencies v > v,.
energy transfer to randomly distributed acceptors in one Taking the absorption maximum as an effective host en-
dimension by the exchange mechanism with a slope of ergy level one obtains AE - 37-70 cm - 1 for the excitation
-c/vyd. The fit to this mechanism and dimensionally at energies used here. For P << 37 cm - the temporal decay
short times, although poor at longer wavelengths (lower of the donor excitation probability should be linear on a
acceptor concentrations), is very good at shorter wave- log [P(t)] vs. log t scale for the superexchange mechanism.
lengths (4940 A) where the acceptor concentration is The poor fit at the longer excitation wavelengths shown
higher. in Figure 2 indicate that the superexchange mechanism

We now discuss the acceptor concentration dependence is also not important at low acceptor concentrations. For
of the slopes of the fit to the one-dimensional (l-D) ex- excitation at 4940 A, the decay appears to fit the super-
change mechanism above in Figure 2. We have previously exchange mechanism with -m.D. = 0.78. Taking -m.D$
described the acceptor concentration in the BCN system = c/[-In (/AE)] with c - 0.066 from eq 6 and AE =41
at 4.2 K as the mole fraction of BCN molecules whose cm- ' for excitation at 4940 A, one obtains 0 = 38 cm -1 for
T,-S, transition frequencies, v, are less than the donor BCN. This value is much greater than the 7.4-cm-1 value
transitio frequency, v,. For a Gaussian distribution of observed for P in the DBN crystal which should show a
ste eneries, the mole fraction of sites having transition similar exchange coupling. It also yields a value for AE/fl
frequencies less than v, X., is given by of about unity for which the description of the superex-

~ ~, change coupling in eq 7 may not he entirely valid. In
X r-( 2 f expl-(ln 2)((v'- v.i) /r) 2 ] dv' addition, the description of the superexchange couplingdv' sgiven in eq 7 assumes constant energy separation AE. In

(6) the BCN system, however, the individual host energy levels



Enerwgy Transfer In an Orientatonaly Disordered Molecular Solid The Journal of Physical Chemistry. Vol. 87. No. 12. 1983 2183

a. .1 ,l
- '4

t0 /2 0, ,0)  .0 0 .0 1 0 . 0 1 0 . 1 0 , '
Xs

-*l 4. The fi of the ont portion of the decay of the triplet

, excitation of the 0,0 band of the T,-S, transftlon of 1-brorno-4- Fl~lwe S. The mnagnitude of the slope of the 3-D dipole-dpole Ii
clio.sl. tn at 4.2 K due to triplort-triplet energy transfer to a (-m3-oDD) to the lonig-timne portion of the triplet excitation shown in

,Ij ihr-& lnal dipolar meichanism for the excitation wavelengths Figure 4 vs. the mrole traction of lower energy acceptors (X,) for BCN
given In Figue 2. The range of the Mi Is better at longer excitation at 4.2 K. rn3_om shows the predicted linear dependence on acceptor
waelent. L~e., at low acceptor concentrations. concentration for dipole-dipole coupling.

-. ame not constant, with a spread of transition frequencies As further evidence of the dipolar nature of the decay,
. given by Awvh. 'Me use of eq 7 for the description of the we show in Figure 5 the acceptor concentration dependence
:.. superexchange coupling with an effective AxE, and the Of -m3Dj>_D, where m3D.DD is the slope of the fitted line in
--. subseuent analysis with eq 3, may not be adequate for the log [p(t)] VS. t1/ 2 plot. rr3DD D shows the predicted
"- this system, where the disorder in host energy levels is linear dependence on concentration according to eq 5. The

comparable to AE. A theoretical examination of the su- solid line in Figure 5 is the best-fit line with -m3DD-
-, iexchange mechanism for energy transfer in a disordered 1.8 Ws-1/(c + 0.013). Although m3DD-D does not extrapolate
€, host is indeed needed. to zero at zero acceptor concentration, this may be due to

"-We now consider the possibility that the energy transfer either errors in our estimation of the acceptor concentra-
. in the BCN system at the long wavelength region of the tion from the assumption of a Gaussian absorption profile
"" absorption bond where the acceptor concentration is low (see Figure 1) or from contributions to the decay from
'" may arise from more isotropic interactions. One-dimen- exchange coupling. For -m&DD-D =f 1.8 ,S-1/2c, one obtains

sional exchange-type interactions have been found to be from eq 5 a value for the transfer time at the nearest-
unable to account for the temporal dependence of the neighbor distance for dipolar coupling of 17 As. .
donor excittion probability. At low acceptor concentra-
dons, where energy transfer to acceptor sites at distances Trap Phosphorescence Profile of BCN at 4.2 K.
greater than the nearest-neighbor distance is important, In the previous sections we have described the spectral
moe isotropic interactions may dominate over a one-di- diffusion in the BCN system at 4.2 K in terms of a one-way
mensional interaction. We now examine the temporal high to low energy transfer process in which the increasing
dependence of the donor excitation probability in terms mole fraction of lower energy acceptors as one goes to
olf the dipole-dpole iiteraction in three dimensions since higher energies within the inhomogeneously broadened
thsinteraction is more isotropic and also has a slower TI-Se absorption profile plays an important role. These
distance dependence than the exchange interaction in this features are manifested in the phosphorescence profile of
crystl, the same transition which is narrower than the absorption

The fit of P(t) to the three-dimensional dipolar inter- profile and originates from the lower-energy sites. In this
action with eq 5 for the sam excitation wavelengths used section we develop a simple model for the phosphorescence
in 1i!u" 2 is shown in Figure 4 where we plot log [P(t)] protfile in which the energy cascades down from higher to
vs. / t .On this chice of scales the decay should be linear lower energy sites until sites are reached for which the
with a slope proportional to the acceptor concentration. transfer rate becomes slower than the radiative decay rate.
At the longest wavelength (4947 A) the decay is well de- The decay of an energetically excited donor site in the

sbd by the threedimesioanl (3-D) dipole-dipole form, presence of acceptors can occur by radiative and nonra-
while at shorter wavelengths deviations from the fit are diative unimolecular process or by the donor transfering
observed at early times At 4940A we were unable to fit its excitation nontradiatively to an acceptor. The radiative
mty sluble portion of the decay to the dipolar form. These and nonradiative unimolecular processes are taken to be
result suggest that at long excitation wavelengths (low independent of the nature of the excite-d site and to occur
aceptor concentration) and at long times the dipolar in- with a rate of 1/ro where r0 is the decay time in the ab
teration domdmtes the anwgy trander in this system. At sence of acceptors. In the presence of acceptors the donoi
short tie and short excitation wavelengths (cofre- may transfer its energy nonradiatively through either
sading to shorter donor-acceptor distances) other in- multipolar or exchange-type interactions where W(R) is
tacci become important and the deway curve deviates given in eq 1, 2, and 7 for exchange, multipolar, and su-
hmthe dipolar form. At shorter donor-acceptor dis- perexchange interactions, respectively. One can define an
tances the one-dimensional exchange or possibly three- interaction radius, R', as the donor-acceptor distance for
dhisesioni exchang interactions most likely become which the energy transfer rate is equal to the unimolecular
, IIIomFor exiato at 4940 Awhich correpond decay rate.37 From eq 1, 2, nd 7 one finds '

to rlatvely high aceptor concentrtion, both exchange Ro -R'ld i(,r0/,) / # (8a)
md dkwgae Isactiotns may be active, which could ac-1
sow* for ouriabditty to Itrpret the decay in terms of R0 =f 1 + - In (r0/) (8b)•SMle, Wm oetm .
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. Ro = 1 + In (r0d/h) (8c)
-In (13/AE)

for multipolar, exchange, and superexchange interactions,
respectively, where Ro is the interaction radius in units of
the lattice spacing. d. The radiative quantum yield, O(R),

for a donor with an acceptor at distance R is given by
To-I t

(R) = (9)
TO + W(R)

where r° is the radiative decay rate. Using eq 8a and 8b -

one can write the quantum yield in terms of R' as

4(R) = [1 + (R'/R) - 1  (10a) Figure 6. The emission profile 1(v) for a Gaussian absorption profile
(R) ffi [1 + exp(d(R'/d-R/d))] 1  (lb) In a singie-component crystal with an energy transfer interaction

volume of n stes. Plotted from rlit to left are the Gaussian absorption
profile and the emission prof les for n = 10', 102, 103, and 10

4 
sites,

for multipolar and exchange interactions, respectively.. A respectively. The emission profile Is found to shift to lower energy and
form similar to eq 10b exists for the superexchange in- to narrow in width with Increasing n.
teraction. Equations Jos and Job yield sigmoid type curves
with 4(R) = 1/2 at R = R We now approximate eq 10a
and 10b with a step function where 4(R) = 0 if R < R'
and O(R) = 1 if R > R'. An electronically excited molecule
with no lower energy acceptors at a distance R < R'is then 7
assumed to emit radiation while a molecule with a lower
energy acceptor at R < R' will transfer its excitation before 2 ,I

emitting and will not be seen in emission. The number
of sites (excluding the one occupied by the donor) within
the interaction volume, n, is given by 1

n = 4/3R 0
3 - 1 (la)

n=2R0
2 - 1 (llb) 0 1.0 2.0 3. - -.

n = 2Ro - 1 (110) 109 (r')

Figus 7. The shift in the guest emission maximi from te absorption
for 3-D, 2-D, and I-D interactions, respectively, maximum normalized by the Gaussian absorption width r (hwhm) vs.

We now consider the steady-state excitation of sites on the Interaction volume n. From bottom to top, these curves are for
the high-energy side of the inhomogeneous profile where guest mole fractions p = 1.0, 0.5. 0.2, and 0.1, respectvely.
the probability of an acceptor site being in the interaction with X,, = X 0 'p, where X,' is determined from the guest
volume of the initially excited site is near unity. The initial absorption profile by using eq 6.
excitation will thus transfer exothermally with unit prob- absorption ie sing e .ability. The exothemmic energy transfer process continues The emission line shape for several values of n in the

range of 10 to 10000 sites for a single-component disor-
until a site is reached for which no lower energy acceptors dered crystal are displayed in Figure 6, along with the
lie within the interaction volume. The excitation is thus G
trapped and will then radiate. If we assume that the iitial Gaussian absorption profile. Figure 6 illustrates that, as

excitation finds these trapping sites with equal probability, the interaction volume gets larger, the emission profile is
the misionprofle illrepesen th enrgetc dstrbu- shifted further to lower energy and the emission line width

the emission proie will represent the energetic distribu- narrows. These results can be understood with the
tie e sites for which no lower energy acceptors lie within physical model used here. For a particular energetically
the interaction volume. The distribution of trapping sites, excited site, the probability of finding a lower-energy ac-
l(v), can be obtained from calculating, as a function of v, ceptor site within the interaction volume grows with the
the product of the probability that a site at energy v has interaction volume. The energetic distribution of trapped
no lower energy acceptors within the interaction volume, sites is thus shifted to lower energy where the concentra-
P(v), and the relative number of sites at energy v, N(v), tion of possible lower energy acceptors is smaller. The shift

in the emission maximum from the absorption maximum'

1(v) - constant x Pr(v) N(v) (12) and the emission line width vs. the interaction volume are
plotted in Figures 7 and 8, respectively. From the ab-

The probability, Pr(v), that an energetically excited site sorption and emission spectra of a system, one can find
has no lower energy acceptors within the interaction vol- n from the energy difference of the absorption and emis-
ume given by n is (1 - X.)". For an inhomogeneously sion maxima using Figure 7. Similarly, one can also de-
broadened single component (i.e., neat crystal with a termine n using the emission line width and Figure 8.
Gausian absorption profile, the corresponding emission Knowing n, one can infer the microscopic energy transfer
pro l 1(v), is given by parameters in eq 1, 2, or 7 from eq 8 assuming a particular

1(v) - constant X (1 - X.)" exp (-(In 2)((v - v.)/r)) coupling mechanism and dimensionality.
(13) The phosphorescence profile of the 0,0 band of BCN at

4.2 K along with the emission spectrum calculated from
bsre X. is given by eq 6. For an optically active guest eq 13 with n - 365 sites is shown in Fig 1, where the

specis in a spectrally inert host lattice where the guest calculated and observed spectra are m-ina be in good
species occupy the host lattice with probability p (given agreement. We now discuss this interact, volume in
by the ovsrsl mole fraction of the guest), eq 12 still holds terms of the different energy transfer mech,,.dsms which
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ISx determined for DBN. Considering three-dimensional in-
teractions with n = 365 sites, one obtains R, = 4.5. For

S"direct exchange in three dimensions, using il = 7.4 cm
as an upper limit for the isotropic exchange interaction,
one obtains -yd < 7 using eq 8b. For superexchange with
AE = 76 cm-' one obtains an isotropic 0 = 0.6 cm ' from
eq 8c. For dipole-dipole coupling in three dimensions one
obtains from eq 8a a value for the nearest-neighbor transfer
time T = 2.6 Ms. The results of this analysis of the phos-
phorescence profile provide further support to the con-
clusion that the energy transfer is three dimensional for

-.. exci . tions on the low-energy side of the absorption profile.
At higher excitation energies where nearest-neighbor
transfer is important, the energy transfer may be one di-

eS. The guest emisson line width (fwhi) normnalized by F vs. mensional. The fit of the emission profile to eq 13 give.
t knteraction volume n. From bottom to top, these curves are for the interaction volume for the interaction with the largest
guest mole fraclilon p = 1.0. 0.5, 0.2, and 0.1, respectively, range. An interaction with a smaller range, even with a

stronger coupling within that range, would be unimportant
might be expected to be important in BCN. The 365 sites in determining the emission profile.
contained in the interaction volume would yield an in-
teraction radius, R 0, of 182 for a one-dimensional inter- Acknowledgment. The authors thank Prof. P. Prasad
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