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Influence of Orientational Fluctuations on Electron Transfer in Systems of 
Donor-Acceptor Pairs 
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We present model calculations on the influence of fluctuations in the relative orientation of a donor and acceptor pair held 
at fixed separation on electron-transfer observables. A simple model of the angular dependence of the transfer rate based 
on the overlap of a S orbital with a P orbital is used, and a variety of angular fluctuation distribution functions are employed. 
The effect on observables is calculated for electron transfer which is fast relative to the fluctuations and which is slow relative 
to the fluctuations. It is demonstrated that the extent and geometry of the fluctuations can have a significant effect on electron 
transfer even though the donor and acceptor are held at fixed separation. 

1. Introduction 
An understanding of the complex phenomenon of donor to 

acceptor electron transfer has long been considered of fundamental 
importance both to basio research and applied science.',* 
Long-range electron transfer can occur via a quantum mechanical 
tunneling mechanism where the donor and acceptor states maintain 
their integrity. Many physically important processes involve 
electron transfer from a photoexcited donor to an acceptor. 
Photoinduced electron transfer follows initial excitation of the 
donor from the ground state to an excited state. The transfer is 
due to the weak coupling between the donor state and the acceptor 
state. This transfer can be described with Fermi's golden rule, 
with the transfer rate between a single donor and acceptor pair 
in a fixed configuration given by3-5 

FC is the Franck-Condon factor and TDA is the electron-transfer 
matrix element. The influence of the angular dependence of the 
transfer rate on experimental observables will be the focus of this 
paper. 

I t  has been demonstrated6,' that TDA is proportional to the 
overlap of the donor highest occupied molecular orbital and the 
acceptor lowest unoccupied molecular 0rbita1.~ In general, the 
overlap integral will be dependent on the distance and relative 
orientations of the orbitals. A number of investigators have studied 
the distance and angular dependence of the electron-transfer rate 
theoretically and experimentally. The systems studied included 
donors and acceptors randomly distributed in a glass,*-1° a donor 
and an acceptor linked by a rigid saturated hydrocarbon chain,"J2 
and a donor and an acceptor held fixed in a protein.13-15 These 
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systems have been analyzed experimentally by looking at the 
time-dependent and steady-state luminescence quenching. A 
number of theoretical approaches have been used within the golden 
rule f r a m e ~ o r k . ~ ~ ~ J ~  

When electron transfer between a pair of molecules a t  fixed 
separation and orientation is considered, it has been recognized 
that the orientational dependence of the transfer rate is impor- 
tant.6J0 Since molecules are spatially anisotropic, a t  fixed sep- 
aration the donoracceptor overlap will be a function of the relative 
orientation of the molecules. The dependence of the transfer rate 
on both distance and orientation can make it experimentally 
difficult to separate the angular and spatial influence on ob- 
servables. Frequently the angular dependence has been excluded 
from data analysis. For molecular donor and acceptor systems, 
one must know the particular form of the overlap orientational 
dependence. In addition one must know the donor-acceptor 
relative orientation as well as the distance-dependent parameters 
in order to predict the transfer rate for a given donor-acceptor 
separation. 

At finite temperatures the relative orientations between donors 
and acceptors can fluctuate about their equilibrium values. Here 
we consider the effect a restricted set of relative orientations will 
have on time-resolved fluorescence quenching produced by electron 
transfer for an ensemble of systems of a donor separated by a fixed 
distance from an acceptor. A particular form of the angular 
dependence of the electron-transfer rate is used to illustrate the 
nature of the phenomena. 

In a previous paper,I0 it has been shown that for an S orbital 
interacting with a P orbital a distance R away, the effect on the 
decay curves for various fixed relative orientations can be quite 
dramatic. Here the effect on decay curves for a number of dif- 
ferent types of restricted sets of relative orientations is examined. 
The curves are calculated in the limit of very fast reorientational 
motion with respect to the electron-transfer rate, and they are 
calculated in the limit of very slow reorientational motion with 
respect to the electron-transfer rate. The first case corresponds 
to torsional or librational motion or very rapid isomerization that 
affects relative angles but not distances. The second case cor- 
responds to essentially fixed relative orientation between a do- 
nor-acceptor pair for a sample in which there is a distribution 
of pair relative orientations. It is demonstrated that the nature 
of the angular distribution function can have a significant effect 
on electron-transfer observables, even though the donor-acceptor 
pair separation is fixed. 

11. Models and Calculations 
In this section a series of calculations are presented that describe 

the combined effects of orientation and distance on electron 
transfer in an ensemble of systems of one donor and one acceptor 
separated by a distance R.  An S-orbital P-orbital overlap model 
is used to illustrate the effects of restricted relative orientations 
on the electron-transfer decay curve. While this is a simple model, 
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i 
( 6 )  

3 n(R,0) = - cos' 8 exp[y(l - R / R o ) ]  

where y = Ro/a  and Ro is the critical transfer distance. Ro is 
the distance at  which an excited donor has equal probability of 

< ,: 70 
I 

' 4  

/ I  
, I  

I 

I 
decaying to the ground state or transferring an electron to an 

interest here. This gives an overlap function of S,,(R,0) = - cos 
8e-R/Za, which yields a final form for the transfer rate of 

it is sufficient to illustrate the nature of the effects. 
Suppose that a t  time t = 0 an ensemble of dilute donors is 

excited. In the absence of acceptors, the probability of finding 
the excitation on the donor a t  time t ,  p ( t ) ,  decays exponentially 
with the excited-state lifetime T,,; Le., p ( t )  = exp(-t/To). The 
excited-state radiative decay results in fluorescence or phos- 
phorescence depending upon whether the initial excited state is 
a singlet or a triplet. When the acceptor is present, the probability 
decays more rapidly due to the addition of the electron-transfer 
pathway for quenching of the electronic excited state. If n(R,@) 
is the transfer rate from a donor D to an acceptor A at the distance 
R and relative orientations described by 0, then the time-dependent 
probability that the donor is excited is determined by the prob- 
ability that the donor decays with the lifetime T~ times the 
probability that an electron transfers to the acceptor, namely 

(2) p ( t )  = exp[-t/T, - tn(R,@)] 

This probability is then ensemble averaged over the distribution 
of donor-acceptor configurations to give the emission decay curve, 
which can be measured by performing a fluorescence quenching 
experiment. For the case of a donor and an acceptor held at a 
fixed distance R,  the emission decay curve is found by averaging 
over the set of orientations described by 8. 

Consider the electron-transfer rate n(R,@).  For the model 
presented here, there is a 2 s  orbital on molecule 1 and a 2P orbital 
of molecule 2 separated by a distance R.  The schematic for this 
system is shown in Figure 1. If I), is the 2 s  orbital on molecule 
1 ,  then I), = Pzx sin 0 cos 4 + P,, sin 0 sin 4 + Pzz cos 0 is the 
2P orbital, expressed in terms of the Px,  Py, and P, components, 
on molecule 2. From this geometry it is readily established that 
the overlap between the and the $z orbitals, S,*, is given by 

S,, = S(2s,2pr) sin 0 cos 4 + S(2s,2pT) sin 0 sin 4 - 

Since S(2s,2pX) = 0 due to orthogonality 

S(2s,2p0) cos 8 (3) 

(4) S i 2  = - COS 8S(2s,2p0) 

From Mulliken's 1949 table of overlap integralsI6 

S(2s,2p,) = E[ 6 + p 2  + ( ; )p3 + ( + ) p 4 ] e - p  ( 5 )  

p = R/2ao, where a. is the Bohr radius. As usual, we replace 
the polynomial in R times the exponential by a new exponential 
with a modified Bohr radius, a. The substitution is justified since 
the polynomial times the exponential is well approximated by an 
exponential with a different decay constant for the distances of 

butions are considered. These include motion in a cone and motion 
in a plane. Uniform angular probability with a sharp angular 
cutoff and Gaussian angular probabilities are employed. A general 
description of how the angle averages are performed for any model 
is presented. Then the model of uniform motion in a cone for both 
fast transfer relative to reorientation rate and slow transfer relative 
to reorientation rate is derived. The derivations of the other models 
are presented in the Appendix. Note that we only need to average 
over rotations of the molecule with the P orbital, since the transfer 
rate is invariant to rotations of the S orbital. 

If the transfer rate is much faster than the rate of reorientation, 
then we must average over the exponential, namely 

where P(0,+) is the probability of finding the P orbital oriented 
with spherical angles 0 and 4 in space. The limits of integration 
are used to restrict the angular distribution for the cases in which 
there are sharp angular cut-offs. Two types of conical models 
are used 

P ( 0 , 4 )  = sin 0 cone (8) 

and 

P(8,4) = e-82/2u'sin 8 Gaussian cone (9) 
u is the standard derivation for the Gaussian centered at 0 = 0'. 

If the transfer rate is much slower than the rate of reorientation, 
then we must first average over the transfer rate; we can then use 
this transfer rate in the exponential, namely 

This gives 

(ET(?) )  = e - t (n (R) )  (1 1) 
In the first model (cone), the positive lobe of the P orbital can 

move anywhere on a spherical surface restricted by the angles 0 
= 80 to 0 = O 1  (see Figure 1). For the transfer rate much faster 
than the reorientation rate 

L~@',-(3r,.,,.o'ac,.Il-Ri"Qj sin 0 d0 

Loa' sin 8 d0 
(ET(t))  = (12) 

(16) Muiliken, R. s.; Rieke, c. A.; Orloff, D.; Orloff, H. J .  Chem. phys. The integral in the numerator is performed numerically. This 
model is called uniform motion on a conic spherical section if Bo 1949, 17, 1248. 
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Figure 2. Electron-transfer decay curves for angle-independent (AI) and 
fixed SP angle-dependent calculations. The angle label by each curve 
indicates the relative orientation of the P orbital. Note that there is no 
transfer for 90'. The experimental decay curves would be obtained by 
multiplying by the lifetime decay. Note the large variation in decay rates 
with relative orientation. The angle-independent transfer rate, frequently 
employed in experimental analysis, is clearly not appropriate when there 
is a strong angular dependence to the transfer rate. The parameters are 
R = 8 A, R, = 10 A, a = 1 A, and T~ = 10 ns. 

= 0. For the limit that the transition rate is much slower than 
the orientation time 

0 . 1 0  0 . 2 0  0.30 0.40 0 . 5 0  0.60 0 . 7 0  0.80 0.90 

which yields 
(ET(?) )  = . , 1  

exp[ -_f_er(l-RIRo) (cosz 8, + cos 8, cos el + cosz 8,) (14) 
70 I 

The other models are derived in the Appendix. These include 
motion on a conic spherical section with a Gaussian probability 
density and uniform and Gaussian-modified motion of the P orbital 
in the plane of the two orbitals. In the uniform models, there is 
equal probability of any orientation between the cut-off limits. 
In the Gaussian models, there is a Gaussian probability distribution 
of orientations with standard deviation, 6. 

Figure 2 shows some plots of the electron-transfer decay 
function E T  vs. time for an S orbital and a P orbital separated 
by the distance R. The parameters for all of the plots are R = 
8 A, Ro = 10 A, a = 1 A, and 7, = 10 ns. The curve labeled AI 
is the curve for an angle-independent transfer rate, Le., n(R) = 
1 / ~ ,  exp[y(l - R/&)],  which is commonly employed. The curves 
labeled Oo, 30°, 45O, and 90' are for fixed S and P orientations 
with the transfer rate of eq 6 ,  where the angle is the angle that 
the P orbital makes with the z axis. The experimental emission 
decay observable is obtained by multiplying these curves by the 
lifetime contribution exp(-t/q). There is no motion in this model, 
but it is clear that an angular dependence of the transfer rate can 
have a marked effect on the emission decay. Notice that the fastest 
decay occurs when the P orbital points directly toward the S 
orbitals. When the two orbitals are orthogonal, 8 = 90°, there 
is no overlap and hence no electron transfer. The particular choice 
of parameters and time scales for this figure and the following 
figures was made to clearly demonstrate the phenomena. None 
of the arguments are dependent on the particular choice of pa- 
rameters. 

Figure 3 shows a number of plots of the electron-transfer decay 
function E T  vs. time. In this model the transfer is between an 
S and P orbital separated by a distance R where the positive lobe 
of the P orbital is restricted to be on the spherical surface section 
intersected by a cone. The probability of finding the positive lobe 
of the P orbital anywhere on this spherical surface section is 

I 1 I I 1 , 
0.10  0.20 0.30 0.40 0 . 5 0  0 . 6 0  0 . 7 0  0 . 8 0  0.90 

Time (nanoseconds) 

Figure 3. Electron-transfer decay curves for SP angle-dependent calcu- 
lations. The positive lobe of the P orbital is restricted to lie on the section 
of the surface of a sphere intersected by a cone whose vertex is at the 
center of the sphere. The solid curves are for transfer fast compared to 
the angular fluctuations, and the dashed curves are for transfer slow 
compared to the angular fluctuations. The angle label next to each pair 
of curves is the half-angle of the cone of fluctuations. As the fluctuations 
increase, the curves decay more slowly and the differences between the 
curves, the dashed and the solid curves, increases. The parameters are 
R = 8 A, Ro = 10 A, a = 1 A, and r0 = 10 ns. 

0.90 

0 . 8 0  

0 . 7 0  

0 . 6 0  
+ 
W0.50  

0.40 

0 . 3 0  

0.20 

0 .10  

I I I I 1 1 I 1 I 
0.10 0.20 0.30 0 . 4 0  0 . 5 0  0 . 6 0  0 . 7 0  0 . 8 0  0.90 

0.90 

0 . 8 0  

0.70 

0.60 
+ 
W 0 . 5 0  

0 . 4 0  

0.30 

0.20 

1 0. l o }  

I I I 1 I I I 

0.10 0.20 0.30 0 . 4 0  0.50 0 . 6 0  0.70 0.80 0.90 

T i m e  (nanoseconds) 
Figure 4. Electron-transfer decay curves for SP angle-dependent calcu- 
lations. (A) The probability of findingthe P orbital anywhere on the 
spherical surface is given by a Gaussian distribution centered at 0 = 0'. 
The solid curves are for transfer fast compared to the angular fluctua- 
tions, and the dashed curves are for transfer slow compared to the angular 
fluctuations. Both the solid and dashed curves are for a Gaussian 
standard deviation, u, from top to bottom as follows: 90°, 60°, 45', 30', 
2'. It is seen that the relative rate of electron transfer to angular fluc- 
tuations can significantly affect the decay curves. (B) A comparison of 
transfer fast relative to angular fluctuations far the model of Figure 3 
and Figure 4A. The solid curves are for the uniform distribution model 
while the dashed curves are for the Gaussian distribution model. The 
curves are from top to bottom as follows: 90°, 60°, 45", 30'. It is seen 
that the shape of the decay curves are dependent on the type of restriction 
on the motion, Le., uniform distribution with a sharp cutoff or Gaussian 
distribution with restrictive standard deviations. The parameters are R 
= 8 A, R, = 10 A, a = 1 A, and T~ = 10 ns. 
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Figure 5. Electron-transfer decay curves for SP angle-dependent calcu- 
lations. The positive lobe of the P orbital is restricted to lie in a plane 
with equal angular deviations on either side of B = 0'. The solid curves 
are for transfer fast compared to the angular fluctuations, and the dashed 
curves are for transfer slow compared to the angular fluctuations. The 
curves, from top to bottom, are for f90°, f60°, *45', and f30' ex- 
cursions. As in Figure 3, the solid curves decay more slowly than the 
dashed curves, and this difference increases as the extent of fluctuation 
increases. Again the relative rates of transfer and angular fluctuation 
can affect the shape of the decay curves. The parameters are R = 8 A, 
R, = 10 A, a = 1 A, and r0 = 10 ns. 

uniformly distributed. The size of the cone is labeled by 30°, 45O, 
60°, or 90°, which is the restriction on the largest angle the P 
orbital can make with the z axis. In Figure 3 the solid curves are 
for a transfer rate that is much faster than the reorientation rate 
and the observable must be averaged. Equation 12 is used. The 
dashed curves are for a transfer rate that is much slower than the 
reorientation rate, and the transfer rate must first be averaged. 
Equation 14 is used. As expected the curves in Figure 2 differ 
considerably from the curves in Figure 3. This is most noticeably 
apparent in the curves that cover the hemispherical section. What 
is especially interesting is that, as shown in Figure 3, the limits 
of fast and slow transfer with respect to the reorientation rate show 
distinct differences for the larger spherical sections. However, 
for smaller angular variation, the fast and slow cases are essentially 
indistinguishable. Transfer that is on the same time scale as the 
reorientation would produce curves that lie between the fast and 
slow cases. 

Figure 4 shows a number of plots of the electron-transfer decay 
function ET vs. time for the model that allows the positive lobe 
of the P orbital to extend over the entire hemispherical surface. 
However, the probability of finding the positive lobe anywhere 
in space is not uniform but is determined by a Gaussian centered 
at 8 = 0'. The standard deviation, 6, for both the solid and dashed 
curves are, from top to bottom, 90°, 60°, 45O, 30°, and 2'. For 
8 = 2 O  the positive lobe of the P orbital is mainly around 8 = 0' 
so that this curve is nearly identical with the 8 = Oo curve of Figure 
2. As u becomes larger the motion is less restricted and the decays 
slow down. The solid curves in Figure 4A are for the case in which 
the transfer rate is much faster than the reorientation rate. These 
curves are calculated from eq A I .  The dashed curves in Figure 
4A are for the case in which the transfer rate is much slower than 
the reorientation rate. These curves are calculated from eq A2. 
It is clear that the rate of transfer relative tc the rate of angular 
fluctuation has a significant effect on the decays. Figure 4B 
compares the fast transfer rate cases of the uniform probability 
distribution and the Gaussian probability distribution. The solid 
curves are for the uniform probability distributions of Figure 3. 
The dashed curves are for the Gaussian distributions of Figure 
4A. If one compares the uniform model with cutoff a t  say 45' 
to the Gaussian model with u = 45O, the uniform model is more 
restrictive and hence the curves decay more rapidly. 

Figure 5 shows plots of the electron-transfer decay function 
ET vs. time for a different type of orientation restriction. In this 
model the P orbital is restricted to move in a plane containing 
the S and P orbitals. The solid curves are for the case when the 
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T i m e  (nanoseconds )  
Figure 6. Electron-transfer decay curves for SP angle-dependent calcu- 
lations. (A) The positive lobe of the P orbital is restricted to lie on a 
plane with equal angular deviations on either side of 6' = 0'. The 
probability is given by a Gaussian distribution centered around 8 = 0'. 
The solid curves are for transfer faster than angular fluctuations, and the 
dashed curves are for transfer slower than angular fluctuations. The 
fluctuations are restricted by specifying the standard deviation, u.  The 
curves from top to bottom have u equal to 90°, 45', 30°, and 2'. Notice 
the differences in the shapes of the solid and dashed decay curves and 
that for the same u the solid curve has a slower decay than the dashed 
curve. Again, as in the cone model, the relative rates of transfer and 
angular fluctuation change the shape of the decay curves. (B)  Com- 
parison of uniform to Gaussian plane model for the transfer rate faster 
than the angular fluctuation rate. The uniform model curves are the solid 
curves while the Gaussian model curves are the dashed curves. The 
uniform curves are from top to bottom f90", f60', f45', and f30'. 
The Gaussian curves are from top to bottom u = 90', 60°, 45', and 30'. 
Notice that even for the same geometrical motion (Le., motion in a plane) 
the type of motion (Le., sharp cutoff or Gaussian distribution) can affect 
the shape of the decay curves. The parameters are R = 8 A, R,  = 10 
A, a = 1 A, and 7, = 10 ns. 

transfer rate is much faster than the reorientation rate. The curves 
for this figure are calculated from eq A4. The dashed curves are 
for the case where the transfer rate is much slower than the 
reorientation rate. The curves of this figure are calculated from 
eq A6. The restrictions on the motion are, from top to bottom, 
f 90°, f 60°, f 45O, and f 30°, all measured from the z axis. 
The trends in this model are similar to the behavior of the uniform 
cone model. For large angular deviations, the fast and slow cases 
are quite different, while for smaller angular deviations the curves 
become indistinguishable. 

Figure 6A shows a number of plots of the electron-transfer 
decay function ET vs. time for the Gaussian planar model; Le., 
the probability of finding the positive lobe of the P orbital is given 
by a Gaussian centered on the z axis. In the figure the positive 
lobe can move over the upper half plane and the standard devi- 
ations of the Gaussian, u, are 90°, 60°, 45", 30°, and 2', from 
top to bottom. As expected the u = 2' curve is nearly identical 
with the 0' curve of Figure 2 and the u = 2' of Figure 4. The 
solid curves in Figure 6A are for a transfer rate that is much faster 
than the reorientation rate (eq A7). The dashed curves are for 
a transfer rate that is much slower than the reorientation rate (eq 
A8). Figure 6B shows a comparison for the fast transfer cases 



Orientational Fluctuations on Electron Transfer 

-_  - 
I I I 1 I , I I 

0 10 0 20 0 30 0 40 0 60 0.60 0 70 0 BO 0 90 

T i m e  (nanoseconds1 
Figure 7. Electron-transfer decay curves for SP angle-dependent calcu- 
lations. A comparison of the Gaussian cone model of Figure 4A with the 
Gaussian plane model of Figure 6A. The transfer rate is faster than the 
angular fluctuation rate. The cones (solid) and planes (dashed) have 
(from top to bottom) the standard deviations 90°, 60°, 4 5 O ,  30°, and 2'. 
In this figure curves with the same standard deviations but different 
geometrical motion (cones vs. planes) have different decay curves. The 
parameters are R = 8 A, Ro = 10 A, a = 1 A, and r0 = 10 ns. 

of Figure 5A and Figure 6A. The solid curves are for planes with 
a uniform probability distribution and the dashed curves are for 
a Gaussian probability distribution. As in the cone model, the 
Gaussian and the uniform distribution curves are markedly dif- 
ferent, demonstrating that different kinds of angular distributions 
are manifested in the decay curves, even when the geometries of 
the distributions (planes or cones) are the same. 

Figure 7 shows some comparisons between the cone model (solid 
line) and the planar model (dashed lines). The curves are for the 
Gaussian angular distribution and the transfer rate is fast relative 
to the reorientation rate. This figure shows that given the same 
type of angular distribution, the geometry (plane, cone) of the 
distribution can have a profound effect on the electron-transfer 
observables. While particular models of angular distributions and 
spatial geometries of the motion have been employed, the types 
of effects illustrated here will occur for many other physical 
situations. 

111. Discussion and Conclusions 
This paper has focused on the effects of an angle-dependent 

electron-transfer rate on the time-resolved emission observable 
for an ensemble of systems of one donor and one acceptor at fixed 
distance. For simplicity an SP angular-dependent transfer rate 
model was used. The central issue that has been addressed is the 
influence of fluctuations in the relative orientation of the do- 
nor-acceptor pair on through space electron transfer. Electron 
transfer fast and slow relative to the time scale of the angular 
fluctuations has been considered. From the results it is clear that 
orientational fluctuations can have dramatic effects on the 
time-resolved electron-transport observables. The type of orien- 
tational fluctuations in the models, motion in a plane or cone, can 
result in quite different decay curves. In addition we have shown 
that the electron-transfer observables are sensitive to whether the 
electron transfer is fast or slow relative to the reorientational 
motions. 

The materials in this paper points out the influences of angular 
fluctuation on what otherwise can be a very well-defined exper- 
imental system, Le., a donor and acceptor pair separated by a 
known distance R.  To study the distance dependence of through 
space electron transfer (as opposed to transfer that is essentially 
through bonds linking a donor and acceptor) it is not only nec- 
essary to space the donor-acceptor pair a t  various distances, but 
it is also necessary to maintain the relative orientations and the 
fluctuations in the relative orientations. In other contexts, un- 
derstanding of electron transfer involves more than the distance 
and angles but also involves the fluctuations in the relative ori- 
entations. For example, an observed temperature dependence in 
electron transfer between donor-acceptor pairs could, in part, be 
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due to a temperature dependence of the orientational fluctuations. 
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Appendix 
In this appendix we derive expressions for the several types of 

models presented in the figures of section 11. The different types 
of models involve using the SP angular-dependent electron-transfer 
rate then averaging over a restricted set of angles. The models 
are presented with two basic types of orientation restrictions. The 
first is for a uniform probability distribution of orientations over 
a restricted set of angles. The second is for a Gaussian-modified 
probability distribution of orientations centered on the z axis. Here 
the orientations were allowed to span all space, but a variation 
in the Gaussian standard deviation effectively causes some ori- 
entations to be sampled more frequently than others. In addition, 
the averages are performed in two distinct limits. The first limit 
is a transfer rate that is much faster than the reorientation rate, 
and the observable must be angle averaged. The second limit is 
a transfer rate that is much slower than the reorientational rate, 
and the transfer rate must be averaged. 

The first model is a P orbital restricted to move on the spherical 
section intersected by a cone. Equation 12 gives the results for 
uniform motion in a cone for the limit of fast transfer rate relative 
to reorientation rate. Equation 14 gives the results for uniform 
motion in a cone for the limit of slow transfer rate relative to 
reorientation rate. If the probability distribution is given by a 
Gaussian, then combining eq 7 and 9 gives 

FG03-84ER132.51). 

~ o ~ ~ e - ( ~ , / , n ) c ~ ~ 2 # ~ ~ v ( ~ - R / R o ) ~  ,-#2/(22) sin 0 d0 

(ET(t))  = ('41) 
~001e-82/(2~2) sin 6 

Both numerator and denominator are evaluated numerically. In 
the figures Bo was chosen as Oo and 0, was chosen as 90'. In this 
manner u could be varied to make the Gaussian narrow or broad. 

Equations 10 and 11 are also modified by eq 9. This angle 
average is for the limit in which the transfer rate is much slower 
than the reorientation rate. This gives 
(ET(t))  = 

r r  
-.-. . 

J 80 

Again the numerator and denominator are numerically integrated 
between the limits 8, = 0' and 

The second model describes restricted motion of the P orbital 
in a plane. In this model the probability distribution for uniform 
motion is 

= 90' where u is varied. 

p(0,4) = 1 (-43) 
With this distribution, the limit in which the transfer rate is fast 

relative to the reorientation time becomes 

~ n ~ ~ e - ~ ( ~ / , o ) c ~ ~ 2 # ( ~ ~ ( l - R / R ~ ) )  d0 

(ET(t))  = ('44) 

loo1 dB 

The numerator is evaluated numerically. This model allows 
uniform motion between any two angles in the plane. The intervals 
in Figure 5 are chosen to be symmetric around 0 = Oo.  

The other limit, in which the transfer rate is much slower than 
the reorientation rate, is expressed as follows: 
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After the integration and algebra are done, this reduces to 

This function is calculated and plotted in Figure 5 with the limits 
chosen to be symmetric about 6 = 0’. 

If eq A4 is modified by a Gaussian probability distribution 
centered about 6 = Oo, then it becomes 

Both denominator and numerator are evaluated numerically for 

convenience. This is the fast transfer rate relative to reorientation 
rate limit, where Bo is -90’ and 6, to 90°, chosen so that all space 
is spanned. The orientation restriction is achieved by varying u 
to make the Gaussian narrow or broad. 

The final limiting case is for motion in a plane with a Gaussian 
angular distribution where the transfer rate is slow relative to the 
reorientational rate. For this case (ET( t ) )  becomes 

(A8) 
For convenience these integrals were numerically evaluated. 
Again, the curves in Figure 6 were calculated for a symmetric 
interval, Bo = -90’ and 6, = 90°, with u varying to give orientation 
restrictions. 

Fluorescence Emission from the Anthracene Surface by Collision of N, Molecules in 
Singlet Metastable States 
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Metastable species in a supersonic beam of N, produced by electron impact were allowed to collide with an anthracene film 
at 77 K. Fluorescence from the surface was observed, and the excitation function of the fluorescence was obtained. These 
results showed that the origin of the fluorescence was the electronic energy transfer to surface anthracene from the N2 molecules 
in the singlet metastable states, a’IZ,,- and alII,, in spite of its low number density in the beam, which was estimated to be 
only about of the N2(A’Z,+) state. The detection efficiency was estimated to be lom2. The fluorescence spectrum agreed 
with that from a crystal film of anthracene by laser excitation (365 nm). This observation implied that anthracene molecules 
on or near the surface were well oriented. 

1. Introduction 
When N2 is excited by electron impact above 9 eV, singlet 

metastable states, aIII, and a’lZu-, are readily pr0duced.l 
Emission from the alIIg state, known as the Lyman-Birge- 
Hopfield band, has been studied both theoretically and experi- 
mentally, particularly because of its geophysical importance in 
electron-excited aurorae.2 The forbidden transitional a”, - 
XIZg+, has been found to proceed by a combination of magnetic 
dipole and electric quadrupole p roce~ses .~  The lowest excited 
singlet state of N2, a’,&-, has also been characterized by high- 
resolution vacuum UV absorption ~pectroscopy.~ It is also known 
that allowed radiative transitions and collision-induced radiationless 
transitions occur between the a and a’  state^.^,^ However, kinetic 
experiments on the a and a’ states have led to contradictory 
results.’ This is because the N, molecule has other excited states, 
such as A3Z,+, B311,, and B’3Z;,8 that are considered to take part 
in reactions of these experiments, and it is difficult to estimate 
their concentrations. Therefore, it is necessary for such kinetic 

(1) Cartwright, D. C.; Trajmar, S.; Chutjian, A.; Williams W. Phys. Rev. 
1977. Al6. 1041. , ~ ~ ~ ~ ,  ~~ ~ 
~~ 

(2) Cartwright, D. C.  J. Geophys. Res.  1978, 83, 517. 
(3) Vanderslice, J. T.; Wilkinson, P. G.; Tilford, S. G. J. Chem. Phys. 

(4) Tilford, S .  G.; Wilkinson, P. G.; Vanderslice, J. T .  Astrophys. J. 1965, 
1965, 42, 2681. 

141. 427. - - .  - -  
( 5 )  Brinkmann, R. T.; Trajmar, S. Ann. Geophys. 1970, 26, 201, 
(6) Freund, R. S. J. Chem. Phys. 1972, 56, 4344. 
(7) van Veen, N.; Brewer, P.; Das, P.; Bersohn, R. J. Chem. Phys. 1982, 

(8) Lofthus, A; Krupenie, P. H. J. Phys. Chem. ReJ Data 1977, 6, 113. 
77, 4326. 
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experiments to detect the singlet metastable states selectively. 
However, the currently available technique for detection of the 
a state by use of an Auger detector9 is neither direct nor selective 
because this detector is also sensitive to the triplet metastable 
states, such as A3Z,+ and E3Zg+. 

Our recent paper has shown that Nz in the A’&+ state can 
be detected by observing phosphorescence from solid biacetyl in 
collision with metastable N, molecules.’0 The present study is 
a report of an application of this method to a direct detection of 
the singlet metastable states of N2 by using anthracene instead 
of biacetyl. We observed fluorescence emission from an an- 
thracene surface as a result of singlet-singlet energy transfer. It 
was concluded that the signals originated dominantly from the 
singlet metastable species, whose number density in the beam was 
about lo-’ of that of the triplet metastable species.” Therefore, 
it was possible to obtain the excitation function for the singlet states 
directly from the signals without the need for subtraction of the 
contribution from the triplet states. The detection efficiency was 
found to be comparable with that for an Auger detector. It was 
also shown that only the molecules on the surface were excited 
by metastable impact. 

2. Experiments and Results 
2.1. Emission by Metastable N2 Impact. The apparatus and 

experimental details have been reported previously. l o  The main 
features of the apparatus are shown in Figure 1. Nitrogen 

(9) Borst, W. L. Phys. Reu. 1972, AS, 648. 
(10) Kume, H.; Kondow, T.; Kuchitsu, K. J. Chem. Phys. 1986,84,4031. 
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