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The cluster distributions for different concentrations of 1,4-dibromonaphthalene (DBN) in 4,4,-dibromobenzophenone 

(DBBP)/lf4-dibromonaphthalene (DBN) choleic acid were determined by a computer simulation in order to model 

the energy transfer dynamics. The results of the simulation indicate that long range interaction between molecules 

further apart than nearest does not occur and energy transfer efficiency is restricted by single range interaction. 

The results also demonstrate that the trapping is diffusion limited. The energy transfer rate is reduced by a factor 

of 15 in DBBP/DBN 사Weic acid realtive to that in DBBP/DBN doped into polystyrene due to the larger distance 

between molecules.

Introduction

It has been shown that the concepts of cluster distributions 

can describe energy transfer in multi-component systems.1-2 

Cluster distributions for different concentrations of CioHg and 

CioDs in naphthalene choleic acid were determined by a com

puter simulation to test whether the experimentally observ

ed change in the CioH8 triplet excitation energy transfer effi

ciency a is due to the cluster distribution of CwHs molecules.3 

The results of the simulation agree with the experiment 

indicating that the change in a with increasing CioH8 concen

tration is caused by the growth of clusters and then limited 

by the small number of sites visited during the lifetime of 

the exc辻ation. The energy transfer rate is reduced by a fac

tor of about 105 in naphthalene choleic acid relative to that 

in naphthalene crystals due to the larger distance between 

the molecules, and the energy transfer topology changes 

from two to one-dimensional due to the change in molecular 

orientations and the increasing spacing. In addition, a mole

cular face-to-edge interaction dominates for nearest neigh

bors in the naphthalene crystal, and a face-to-face interaction 

dominates over an edge-to-edge interaction in NCA.

Donor-acceptor energy transfer for 4,4'-dibromobenzophe- 

none(DBBP)/lf4-dibromonaphthalene (DBN) doped into a 

polymer matrix (polystyrene) has been studied previously.4 

The excitation energy at 386 nm populates the excited sing

let state of DBBP (donor) without exciting DBN (acceptor). 

The lowest singlet absorption band of the donor molecule 

lies at lower energy than that of the lowest singlet absorption 

band of the acceptor at 280 nm. The lowest triplet state 

of DBBP, on the other hand, because of the small singlet

triplet splitting in carbonyl compounds, lies above the lowest 
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triplet state of DBN. Because of this particular arrangement 

of energy levels, it is possible to excite selectively the donor 

molecules to the singlet state and be quite sure that no sig

nificant excitation of acceptor molecules occurs. In aromatic 

carbonyl molecules, the quantum yield of intersystem cross

ing from the lowest excited siglet state to the lowest excited 

triplet state is very high, dominating over other decay proc

esses.5 The excited triplet state of DBBP therefore is popu

lated by intersystem crossing, and phosphorescence from this 

state is observed around 430 nm. Some of these donor mole

cules transfer the excitation energy to acceptor molecules 

via a triplet-triplet exchange interaction, and sensitized phos

phorescence from the lowest excited triplet state of DBN 

can be observed around 500 nm. A systematic data analysis 

of the experiments demonstrated that the fraction of total 

phosphorescence that came from the acceptor appeared to 

be independent of the donor concentration when the donor 

concentration was less than 5% and the acceptor concentra

tion was 10% or higher.4,5 This experimental result indicates 

that regime where donor-donor energy transfer is not sig

nificant.

Recently this system has been incorporated into a choleic 

acid crystal.6 Using deoxycholic acid (DCA) as a crystalline 

matrix makes it possible to change the orientations and sep

arations of the DBBP and DBN molecules in the choleic 

acid crystal system. Direct donor-acceptor triplet excitation 

energy transfer was characterized in DBBP/DBN choleic acid 

crystals using DBBP as energy donor and DBN as energy 

acceptor by monitoring the phosphorescence spectra as a 

function of acceptor concentration. In these experiments DCA 

serves as energy transfer insulators. The energy transfer 

efficiency did not show an abrupt change unlike the case 

for a polystyrene host. This difference is attributed to the 

intrinsically larger intermolecular distances imposed by the 

ch이eic acid lattice.

아he actual geometrical distribution of DBBP/DBN chi아ers 

also strongly influences the energy transport. For low con

centrations, there will be many isolated members, as well 

as many clusters of two, three, or four members. As the 

concentration increases, the distribution will contain more 

and more large clusters until several large clusters coalesce 

into a maxicluster, i.e. a percolation cluster. In the system 

of DBBP/DBN doped into polystyrene, cluster percolation 

occurs at concentrations near the energy transfer critical co

ncentration, i.e. where the energy transfer efficiency a cha

nges abruptly.1 For the case of choleic acid system, a increa

ses as the concentration increases but does not show an 

abrupt change over the range 5-20 mol % acceptor. In this 

paper we report the results of computer simulations that 

were used to test whether no abrupt change in a is related 

to the cluster distribution and/or the orientation of guest 

molecules, and/or the large intermolecular separations.

Energy Transfer Efficiency and the 
Cluster Distribution

For the choleic acid, the orthorhombic structure7'9 was 

used with two guest sites per unit cell with dimensions 27 X 
15 X14 A3. We consider a two-dimensional lattice to deter

mine the cluster distribution. In a two-dimensional system 

the percolation threshold is O.59.110 For p=l, where p repre-

Figure 1. Average cluster size Iav as a function of guest concen

tration for a square lattice with 106 sites. The percolation thresh- 

시d is 0.59 in two dimension.

sents the probability that the lattice is occupied, all sites 

of the lattice are occupied by DBBP and DBN, and the whole 

lattice constitutes one single cluster. For every p smaller 

than unity, there will be choleic acid crystal with guest sites 

partially filled.6 The unoccupied spaces will produce a distri

bution of DBBP/DBN clusters. Figure 1 아lows the average 

사uster size (知) for a two-dimensional lattice as a function 

of concentration. The definition of the Iav is1,11

Zw=2 总 m2/^ im m (1)
m m

where m is the size of a cluster and im is the fire아uency 

of the cluster size m. This Iav increases monotonically with 

guest concentration C and diverges at the critical concentra

tion.1,3 The results indicate that in two dimension percolating 

cluster is present for concentrations below unity. The cluster 

multiple labeling technique (CMLT)11 was used to determine 

m and i하. CMLT technique is based on the application of 

alternate labels to sites belonging to the same cluster. This 

technique is appropriate for the determination of the cluster 

distribution of a finite randomly mixed binary crystals. The 

practical alogrithm is described in ref. 10.

Now consider diffusive exciton transfer. The formalism 

of exciton transfer in molecular solids has been described 

previously.1,2 The exciton generally is considered to be local

ized at one site at a time and to move from one guest site 

to the next. However, the exciton is confined within a cluster 

of size m and is excluded from visiting m가rix (DCA) sites 

due to their higher energy. The probability of exciton crea

tion inside a given cluster is proportional to the cluster size 

m. No energy transfer between donors is considered.4,5 When 

the exciton visits a trap site (DBN), it may be captured irre

versibly. For small trap concentration (<1), the trapping 

probability Pf which is equivalent to a, of an exciton finding 

a trap site within the exciton lifetime xg is1,2,11 (assuming 

a trapping efficiency of unity)

im 协/G=l — Z(l一洌/GY im 찌G (2)

iff 1VZVG
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Figure 2. The energy transfer efficiency (a), which is the proba

bility of a guest exciton bein흥 trapped, for different guest concen

trations, as determined by both experiment and simulation.
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Figure 3. Fraction of phosphorescence from acceptor as a func

tion of acceptor concentration (mole fraction) for DBBP/DBN 

doped into polystyrene.

where tn is the size of a cluster, im is the frequency of the 

cluster size m, G is the number of guests, and Z is the 

number of traps. P can be related to the kinetic rate con

stants and can be found experimentally by measuring the 

guest and trap phosphorescence intensities. The size of clus

ter (m) and the frequency of cluster m (/w) for the different 

numbers of guests (G) are determined by computer simula

tion using CMLT. By applying values (m, 爲 G, Z) obtained 

from the computer simulation into eq. (2), values of a for 

different DBN concentrations can be obtained. Increasing the 

trap concentration by an order of magnitude has a siginifi- 

cant effect on the critical concentration.1 In the case of isoto- 

pically mixed naphthalene crystas, the critical concentrations 

are 0.12 and 0.08 for trap concentrations of 10-3 mole frac

tion and 10-2 mole fraction, respectively. For DBBP/DBN 

choleic acid, much higher trap concentrations (10*1 mole fra

ction) are used. Therefore, we expect sharp cut-off and signi

ficant decrease in the critical concentration. Figure 2, how

ever, does not show this behavior. The results demonstrate 

that long range interaction between molecules further apart 

than nearest does not occur.

Distribution of Donors and Acceptors

For DBBP/DBN doped into polymer matrix, the energy 

transfer efficiency a approaches unity at 20% of DBN concen

tration, as shown in Figure 3. The distance between molecu
les is % 7.2 A and long range interaction between mole

cules futher apart than nearest or next nearest neighbors 

occur by a superexchange interactions.23,13"15 Some simple 

approximate analytical solutions have been given for the cri

tical concentration Cc as a function of interaction range and 

have been verified by extensive simulation.1 Cc decreases 

as the interaction range n increases, when n is defined as 

the maximum number of nearest neighbor bonds over which 

an interaction can occur. Experimentally, the critical concent

ration for an DBBP/DBN doped into polystyrene was deter

mined to be 0.08,6

For stoichiometric DBN choleic acid crystal, every donor 

molecule has neighbors occupied by acceptor molecules. The 

experimental value of a for 20% DBN choleic acid crystals 

(with 2% DBBP) at 4.2 K was determined to be 0.52.6 For 

DBBP/DBN doped into polystyrene, a wo니d equal 1. This 

much smaller value for DBBP/DBN 산loleic acid crystals im

plies that the probability of the excited donor find the accep

tor in the nearest neighbor within donor's lifetime (2.75 ms)6 

is much smaller 나lan for the DBBP/DBN doped into polysty

rene due presumedly to differences of the molecular orienta

tions and to the large distance between guest molecules 

since the hopping rate falls off exponentially with distance.

The experimental value of a=0.52 means that 52% of the 

total number of excitons is trapped. A 106 site square lattice 

that filled with 20% acceptor and 2X104 randomly distrib

uted donors was simulated. Cyclic boundary conditions were 

used. If trapping is asuumed to be diffusion limited, i.e. the 

ratio of the number of reactive collisions to the number of 

total collisions is 1, the energy transfer efficiency a would 

be the ratio of the number of donors neighbored by acceptor 

to the number of total donors. The ratio was determined 

by CMLT. The results are shown in Figure 2 and compared 

with the experimental results. The values of a obtained by 

the computer simulation for two-dimension are in good 

agreement with the experimental values obtained experime

ntally.6 Therefore we conclude that trapping is diffusion limi

ted.

For DBBP/DBN doped into polystyrene, a graph of a ver

sus concentration exhibits an abrupt transition from a=0 

to a— 1 around a critical concentration of 0.08, as shown 

in Figure 3. This critical concentration is characteristic of 

cluster percolation and long range interaction, which is ref

lected in a because a DBBP excitation samples a large num

ber of sites during its lifetime. In choleic acid only 52% 

is trapped, and a is restricted by single ran용e interaction 

due to large distance between molecules.
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Energy Transfer Dynamics

In the stoichiometric DBBP/DBN 사loleic acid, which is 

filled with DBN and a small amount (2% mole fraction) of 

DBN, only one species (DBBP) is excited. Instant trapping 

to the other species (DBN) is assumed. In the DBBP/DBN 

choleic acid, the exciton decays through one of the following 

processes: (1) unimolecular decay, (2) trapping, or (3) annihi

lation (i.e. meeting another exciton at the same site). This 

partitioning has a large effect on the yield of phosphoresce

nce, sensitized phosphorescence, and delayed fluorescence. 

We neglect annihilation process since small number of do

nors are used.4,5

DBBP transfer excitation to the nearest neighbor DBN 

molecules via an exchange interaction.16 The triplet exciton 

transfer rate between molecules at a distance r was found 

to be17

W(r)=k exp[yM~r)] (3)

where y is spectral overlap between donor and acceptor, d 

is the critical distance. At low concentrations (up to 5 mol%), 

energy transfer is not very significant, due to the large inter- 

molecular distances, and the depopulation of the excited 

state density is controlled mainly by the unimolecular decay 

process. Therefore the energy transfer efficiency a is similar 

for both the choleic acid and the polystyrene systems. As 

the concentration increases, the separation between mole

cules decreases and the energy transfer rate increases expo

nentially as a function of distance. For DBBP/DBN doped 

into polystyrene, the critical concentration (where a = 0.5) 

is found to be 0.08, and calculated critical distance is about 

11 A. These values compare with those found in other sys

tems, e.g., the critical concentrations are 0.03, 0.06-0.07, and 

0.05 for benzene, naphthalene, and phenanzine, respectively,18 
o

and the critical distances are 11-18 A for aromatic molecule 

systems.19

Computer simulation was carried out to determine the 

average distance between a donor and an acceptor at 20 

mol% acceptor concentration in both the choleic acid and 

the polystyrene systems. In the simulation, molecules were 

generated in the model space and assigned random coordi

nates Xi, yt, Zi. To satisfy the condition that molecules do 

not overlap each other, any separation, [fc —x；)2 4- (yt —yjf + 

⑵一弓)邛勺 smaller than a molecular diameter was not al

lowed. The nearest-neighbor distance for each molecule was 

determined. Periodic boundary conditions were used. The 

average distance between neighbors was found to be 19.4 

and 7.2 A for the choleic acid and polystyrene systems, res

pectively. By using eq. (3) for DBBP/DBN dopedointo poly

mer, where the average neighbor distance is 7.2 A, one cal

culates that during the lifetime of DBBP (2.75 ms),5 an exci

tation makes about 3 steps. It is not clear whether we can 

use it for the choleic acid crystal system. Using eq. (3) we 

get a transfer time of about 17.5 ms, giving about 0.15 steps 

within the triplet lifetime (2.75 ms). The result implies that 

energy transfer between molec나les further apart than 

nearest is not allowed for the choleic acid. However this 

estimate, which neglects the orientation dependence of the 

interaction, is inconsistent with the experimental a value. 

The actual hopping time should be much faster. This may 

be a result of the particular geometry of the guest molecules 

in the present system (effectively linear topology), or perhaps 

due to a different exciton-phonon interaction. It has been 

observed that the sensitized phosphorescence of acceptors 

containing a heavy atom is substantially stronger than the 

sensitized phosphorescence of acceptors of the same moiety 

without the heavy atom.20'22 The dominant difference be

tween DBBP/DBN doped into polymer and DBBP/DBN chol

eic acid crystals with respect to energy transfer therefore 

appears to be due to the increasing spacings and the orienta

tion of the guest molecules.

In DBBP/DBN doped into polystyrene, the energy transfer 

rate is 8.4 X l^/sec. For the choleic acid system, the energy 

transfer rate is reduced by a factor of 15. Therefore a walker 

decays unimolecularly, if no trapping occurs.

Summary and Conclusions

Cluster distributions for different concentrations of DBN 

in DBBP/DBN choleic acid were determined by a computer 

simulation to test whether the experimentally observed 

change in the triplet excitation energy transfer efficiency a 

is due to the cluster distribution of the molecules. The resu

lts of the simulation demonstrate that the trapping is diffu

sion limited and long range interaction between molecules 

further apart than nearest does not occur. The energy trans

fer rate is reduced by a factor of about 15 in DBBP/DBN 

choleic acid relative to that in DBBP/DBN doped into polyst

yrene due to the larger distance between the molecules, and 

the energy transfer topology changes from three to two-di

mensional due to the change in molecular orientations and 

spacing.
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The metal-carbon o-bond cluster complexes l-Mn(CO)5-2-R-l,2-C2BioHi0 (R=CH3 la,(為氏 lb) have been prepared 

in good yields from readily available carboranyl lithium complexes, 1-Li+-2-R-l,2-C2BwHio- (R=CH3t C6H5)t by direct 

reaction with (CO)5MnBr. These manganese metal complexes are rapidly converted to the corresponding manganese 

metal carbene complexes, l-[(CO)4Mn=C(OCH3)(CH3)]-2-R-l,2-C2B]oH1o (R=CH3 Illa, C6H5 IIIb)t via alkylation with 

methyllithium followed by O-methylation with CF3SO3CH3. The crystal structure of Illb was determined by X-ray 

diffraction. Thus, complex Illb crystallizes in the orthorhombic space group P2)2i2i with cell parameters a—15.5537(5), 
b= 190697(5), c=7.4286(3) A, V=2203.4(1) A3, and Z=4. Of the reflections measured a total of 3805 unique reflections 

with F2>3o(F2) was used during subsequent structure refinement. Refinement converged to R)=0.053 and R2=0.091. 

Structural studies showed that the manganese atom had a slightly distorted pseudo-octahedral configuration about 

the metal center with the carbene and orfAo-carborane occupying the equatorial plane ds-orientation to each other.

Introduction

A series of extremely stable anionic chelated or^Ao-carbo- 

rane-transition metal complexes containing unusually stable 

carbon-metal o-bonds has been reported.1'5 Previous study5 

indicated that an extensive series of stable neutral manga- 

nese(I) carborane complexes incorporating the l,2-C2Bi0Hn\ 

l,10-C2B8H9_, and l,10-C2B8H82~ ligands 안trough metal-car

bon o-bonds could be prepared. We now wish to report a 

compilation of results obtained on carborane l-R-l,2-C2BioHn 

containing manganese(I)-carbon a bonds and further conver

sion to a corresponding metal carbene species.

Thus, metal carbene complexes in which a carboranyl 

group is directly attached to the manganese metal in a o- 

bonded fashion adjacent to the metal carbene moiety are 

now to be studied. Cluster complexes of transition-metals 

in which the metal atoms are directly bound are of interest 

for the evidence they provide the ability of cluster to trans

mit its influence to the metal. Recent study6 of carboranyl 

metal carbene system in which metal and carborane are sep

arated by one atom, have shown that some metal-carborane 

interaction occurs in such compounds.

In this paper we wish to report on progress made towards 

the syntheses of o-bonded ortho-carborane manganese metal 

complexes and the formation of new manganese carbene 

complexes is discussed. Due to our interest in the structural 

features of manganese carbene complexes a single crystal 

X-ray diffraction determination of l-L(CO)4Mn=C(CXDH3)(CH3)] 

-2-C6H5-lt2-C2BioH10 Illb was carried out.

Experimental Section

Methods and Materials. The majority of solvents were of 

reagent grade and were used without further purification.


