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be quite a challenge for theory. 
The two energies for which Continetti et al. have reported results 

so far4 correspond to the first and fourth total energies on our list 
(see Table I ) .  Their velocity-angle contour map4 at  0.51-eV 
relative translational energy does appear to show rotationally hotter 
products at 135" deg than 180°, in  qualitative agreement with 
parts b and d of Figure 15. (The effect was actually predicted 
by trajectory calculations3* prior to the experiment.) The ex- 
perimental velocity-angle contour map for a relative translational 
energy of 1.25 eV also shows a shift toward higher rotational 
energies at 0 shifts from 180" to 135' to 90°, i n  qualitative 
agreement with parts d, b, and a of Figure 18. However, there 
is no sign in that contour4 of the added structure in Figure 18d. 
This confirms that a more detailed comparison of theory and 
experiment may be quite informative. 

The moments in  Table VI11 provide a more averaged picture 
of the trends, but they again show how the differential cross 
sections are more sensitive to rotational excitation of H2 than are 
integral cross sections. Consider, for example, the effect of raising 
j from 0 to 1 on (j')(vf=O). At all five energies the effect is 10.05 
for the integral cross sections, a surprisingly small effect. The 
effect is also small at 135". However, at 90' it is typically 0.2 
of a rotational quantum, and at 180" it ranges from 0.31 to 0.65 
of a rotational quantum. 

We conclude the discussion by comparing our results to the 
quasiclassical trajectory calculations of Blais and one of the au- 
t h o r ~ ~ ~  for D + H2(u = 0, j = 1) on a similar' potential energy 
surface. First consider Figure 20, which shows very good 
agreement for the average final vibrational quantum number; the 
differences are only about 0.02-0.04 quantum at any energy. The 
generally good accuracy afforded by the trajectory calculations 
is even more evident in Figure 21a,b for the mean final rotational 

quantum number. The trajectory calculations do, however, yield 
slightly 'hotter" final rotational distributions. 

Concluding Remarks 
We have found, by converged quantum dynamics calculations 

on a realistic potential energy surface, that the state-to-state 
differential cross sections for the D + H2 reaction are very sensitive 
to putting 1 quantum of rotational excitation into the H2 reactant, 
even though this has only a small effect on the integral cross 
sections. For example, for u = 0, u f  = I ,  and j' = 6 at 1.086 eV 
the backscattering reaction cross section increases by a factor of 
45 when j is increased from 0 to 1. 

The complete tables of converged state-to-state cross sections 
for two initial states and five total energies, presented in the 
supplementary material, should be useful not only for comparisons 
to future experiments but also for testing approximate dynamical 
methods. 
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A model describing the influence of radiative transport over donors on the decay curves and fluorescence spectra of a donor 
able to transfer its electronic energy to an acceptor is applied to fluorene-pyrene in n-hexane. Radiative transport is important 
a t  high concentrations of fluorene (donor) and low concentrations of pyrene (acceptor) and depends upon both excitation 
and emission wavelengths. Stern-Volmer plots of lifetimes corrected from the influence of the radiative processes yielded 
an energy-transfer rate constant of kQ = (6.9 f 0.4) X 10l0 M-' s-' independent of fluorene concentration and both excitation 
and emission wavelengths in close agreement with the theoretical value kQ = 7.1 X 1OIo M-' s-l. The nondependence of 
the transfer rate constant on fluorene concentration indicates that nonradiative transport is insignificant, in accordance with 
the small calculated value (A = 3.1 X IO-* cm2 s-I) of the nonradiative energy migration coefficient. 

Introduction 
The transfer of electronic energy between organic molecules 

in solution has received considerable attentionl since Forster2 and 
Galanin3 obtained the donor decay curve for the case of donors 
and acceptors randomly distributed in a rigid solution. The energy 
can be transferred by direct absorption of the donor emission by 
the acceptor (trivial mechanism) or nonradiatively due to a 
Coulombic or an exchange interaction mechanism. The nonra- 
diative energy-transfer rate for a donoracceptor pair was obtained 

'To whom correspondence should be addressed. 

by Forster4 for a dipole-dipole interaction and by DexterS who 
extended the theory to cover the multipole-multipole and ex- 
change-type interactions. In rigid solution the transfer occurs 
between donor-acceptor pairs at several distances, the transfer 

(1) (a) Birks, J. B. Photophysics of Aromatic Molecules; Wiley: London, 
1970. (b) Gosele, U. M. Prog. Reaer. Kiner. 1984, 13, 63. (c) Rice, S. A. 
In  Comprehensive Chemical Kinetics; Bamford, C .  H., Tipper, C. F. H., 
Compton, R. G., Eds.; Elsevier: New York, 1985; Vol. 2 5 .  

( 2 )  Forster, Th. Z. Naturforsch. 1949, 40, 321. 
(3) Galanin, M. D. Sou. Phys. JETP 1955, 1 ,  317. 
(4) Forster, Th. Ann. Phys. 1948, 2, 5 5 .  
( 5 )  Dexter, L. D. J. Chem. Phys. 1953, 21, 836 .  
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rate coefficient being t i~ne-dependent .~,~.~ In fluid solutions 
material diffusion contributes to the ‘mixing“ of donors and 
acceptors leading to an increase of the transfer efficiency.lv7 For 
efficient mixing the rate coefficient can be considered time-in- 
d e ~ e n d e n t , ~ . ~  Stern-Volmer kinetics then being applicable. 

For concentrated solutions of donors with a significant 
fluorescenceabsorption overlap, radiative or nonradiative transport 
over donors occurs. This process is relevant in the mechanism 
of photosynthesis! and it is also observed in other biologicallo and 
polymer systems.” Two different cases of nonradiative transport 
were considered by BurshteinI2 and Huber13 depending on the ratio 
of the donor-acceptor and donor-donor transfer rates. When the 
donoracceptor transfer rate is much higher than the donor-donor 
transfer rate and the donor concentration is high, the diffusion 
model of Yokota and Tanimoto14 is adequate. On the other hand 
when the donoracceptor transfer rate is slow or of the same order 
of magnitude of the donor-donor transfer rate, a hopping modelI2 
is a reasonable approximation. The recent model due to Loring, 
Anderson, and FayerIs (LAF) based on diagrammatic expansions 
of Green function solutions of the master equation provides a 
reasonable approach for both cases. However, the use of ap- 
proximations in the calculations limits this model to cases already 
covered by the hopping model.I6 

Very few energy-transfer experimental studies have been 
performed in the presence of energy transport over donors.17 This 
is mainly due to difficulties involved in considering the influence 
of the radiative processes (transport and transfer). These are 
dependent on both concentrations of donor and acceptor, excitation 
and emission wavelength, and geometrical factors. By use of thin 
samples and front-face viewing the radiative processes can be 
reduced, but generally not suppressed. They affect not only the 
fluorescence spectra of donor and acceptor but also the decay 
curves.laJ* This paper describes a method of recovering the true 
parameters of nonradiative energy transfer in  the presence of 
radiative transport and transfer and applies it to the energy transfer 

(6) Blumen, A.: Manz, J .  J .  Chem. Phys. 1979, 71, 4694. 
(7) (a) Birks, J .  B. J .  Phys. E 1968, I ,  946. (b) Birks, J.  B.: Georghiou, 

S. J .  Phys. B 1968, I ,  958. 
(8) (a) Ah, M. A.; Ahmed, S. A. J .  Chem. Phys. 1989, 90, 1484. (b) Ali, 

M. A.; Ahmed, S. A.; Chokhavatia, A. S. J .  Chem. Phys. 1989, 91, 2892. 
(9) (a) Pearlstein, R.  M. Proc. Narl. Acad. Sci. U.S.A. 1964,52,824. (b) 

Porter, G.  Proc. R. Soc. London 1978, A362, 281. 
(IO) (a) Haas, E.; Wilcheck, M.; Katchalski-Katzir, E.; Steinberg, 1. 2. 

Proc. Narl. Acad. Sci. U.S.A. 1975, 72, 1807. (b) Dale, R. E.; Eisinger, J .  
Proc. Narl. Acad. Sei. U.S .A.  1976, 73, 271. 

( I  I )  (a) Soutar, 1.; Phillips, D. In Photophysics andfhorochemical Tools 
in Polymer Science; Winnik, M. A., Ed.; D. Reidel: Dordrecht, 1986. (b) 
Klopffer, W. Ann. N Y  Acad. Sci. 1981, 366, 373. 

(12) Burshtein, A. I .  Zh. Eksp. Teor. Fiz. 1972, 62, 1972 [Sou. Phys. 
J E T P  1972, 35, 8821. 

(13) Huber, D. L. Phys. Reo. 1979, 820, 2307, 5333. 
(14) Yokota, M.; Tanimoto, 0. J .  Phys. Soc. Jpn. 1967, 22, 779. 
(15)  Loring, R. F.; Anderson, H.  C.; Fayer, M. D. J .  Chem. Phys. 1982, 

76, 201 5. 
(16) Fedorenko, S. G.; Burshtein, A. 1. Chem. Phys. 1985, 98, 341. 
(17) (a) Millar, D. P.; Robbins, R.  J.; Zewail, A. H. J .  Chem. Phys. 1981, 

75, 3649. (b) Twardowski, R.; Bauer, R.  K .  Chem. Phys. Leu. 1982.93, 56. 
(18) (a) Birks, J. B. J .  Phys. E 1970, 3, 1704. (b) Birks, J .  B.; Kuchela, 

K .  N .  Proc. Phys. Soc. 1961, 77, 1083. 

from fluorene (FI) to pyrene (Py) in n-hexane. In this solvent 
the nonradiative energy-transfer rate coefficient can be considered 
time-independent (Stern-Volmer kinetics). Although radiative 
processes are important in this system, nonradiative transport over 
donors is not significant, as shown by the invariance of energy- 
transfer rate coefficient with fluorene concentration. This is 
consistent with theoretical values of the energy migration coef- 
ficient, 3 orders of magnitude lower than the mutual diffusion 
coefficient of fluorene and pyrene in n-hexane. 

Model 
Consider the kinetic scheme, Scheme I, where the energy donor, 

D, after being excited by the incoming beam, I,(?), is able to 
transfer its energy (radiatively or nonradiatively) to another donor 
or to an acceptor, A. The nonradiative energy-transfer process 
is described by a rate coefficient, k Q ( t ) ,  that takes into account 
also the nonradiative transport over donors, via the diffusion 
coefficient. The radiative transport and transfer are described 
by the average probabilities a,, 0, of a photon emitted by the 
nth-generation molecule D, being absorbed by a ground-state 
molecule, D or A, respectively. The excited energy donor, D*, 
may also decay with an intrinsic lifetime, T ~ ,  l / f 0  being equal to 
the sum of the radiative, kr, and nonradiative, k,,, rate constants. 
The probabilities cy, are average probabilities over the fluorescence 
spectrum of the donor 

(1) 

where FD(X) is the molecular emission of D* normalized to unity. 
It is assumed that the excited donors have a globally isotropic 
emission with the same spectrum, FD(X), independently of n, which 
is a reasonable assumption in fluid media where the rotational 
and deactivation relaxation processes are fast, and a rapid thermal 
equilibrium in the excited state is attained prior to emission. The 
cy’,(X) are average probabilities over a space distribution of do- 
nor-excited molecules and also over directions. This probability 
can be written as 

 cy',(^) = 11 S r D ( h ) c D  x 

wheref,(r) is the normalized distribution function of the nth- 
generation of excited donors and pD(X) and pA(X) are molar 
absorption coefficients a t  wavelength X (H = 2 . 3 0 3 ~  and t is the 
molar extinction coefficient). CD and CA are the concentrations 
of the donor and acceptor, respectively, and r’(r,Q) is the length 
of the path followed by photons emitted by the nth-generation 
of excited donors in direction Q .  Note that this value depends 
on all factors which affect the spatial distribution of the excited 
molecules within the cell, these being the concentrations of D and 
A, the excitation and emission wavelengths and the geometry used 
in the measurements. Identical expressions can be written for the 
absorption probabilities, @,,, of the emission of a molecule D*, by 
A. The emission of D* at wavelength A is distributed among 
donors and acceptors according to the respective absorptivities 
at this wavelength, as shown by eq 2 which represents the fraction 
of light absorbed by the donor. 

The decay of donor molecules created by a pulse Ia(t) is given 
bY 

where @ stands for the convolution integral andflt) is the response 
function of D to a &pulse excitation, 

(Y, = i m d , ( h )  FD(X) dX 

exPl-r’(r,fl)[P~(X)C~ + r A ( X ) c A l l f n ( r )  dr  dr’ dfl (2) 

D I ( ~ )  = ra(t)  @At) (3) 

In concentrated solutions, part of the emitted light is absorbed 
in the cell originating new excited molecules D*2 (see Scheme I) 
by a pulse a l k , D l ( t ) .  The time evolution of D*2 is thus given by 

Dz(t) = Dl(t)alkr @fit) = aIkJa(t) @f@f ( 5 )  

Repeated application of the above procedure yields 
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Defining 

(7) 

eq 6 becomes 

on([) =a,,(k,)“’I,(t)  @ f @ f @... @ f (8) 

If one observes the intensity due to the molecules D*, in a certain 
direction and solid angle, this intensity will depend not only on 
the number of excited molecules D*, but also on the probability 
of photon escape within that solid angle 

- 
n 

In(kt)  = GS,(X)k,D,(t)  (9) 

where G is a geometric factor accounting for the solid angle of 
observation, here considered independent of the distribution 
function of excited donor molecules and S,(X) is the escape 
probability for photons of wavelength X in  the observation di- 
rection. The escape probability is given by 

S,(h) = S [ I  - a”,,(W) - P”,(X,fl)]g(Q) dQ (10) 

where a”,,( X,Q) and p”,(A,n) are the probabilities of absorption 
by D and A of the emission of the nth generation of donors in 
a solid angle of observation defined by g(Q).  

When the nonradiative energy-transfer rate coefficient is 
time-independent, the &response function (eq 4) becomes single 
exponential with lifetime 7Q, obeying the Stern-Vohner equation 

1 1 

and the successive convolution products can be evaluated as 

f (12) f @ f @...@ f = - 

The intensity, / ( X , t ) ,  is the sum of intensities from the different 
generations of donors 

tn-1 

( n  - I ) !  
n 

- 
I(X,t) = EIn(X,t) (13) 

n= I 

and using eqs 8, 9, 1 1 ,  and 12 

If only one reabsorption term (n = 2 )  contributes significantly 
to the decay 

and. for values of ( S 2 / S l ) a l k , t  << 1 

with 

C being given by 

and with the fluorescence quantum yield in the presence of the 

acceptor, aQ,  related to the intrinsic quantum yield a0 = k , ~ ~ ,  
by 

In this case the decay is single exponential, but with a lifetime 
7 different from 74. A single-exponential decay curve can also 
be obtained if all absorption and escape probabilities are equal 
(a ,  = cy and S J h )  = S(X)). The lifetime is given by eq 17, 
substituting the average absorption probability a for the coefficient 
C. This particular result was obtained before by Birks.18 The 
experimentally observable lifetime is dependent on the acceptor 
concentration via 7Q and a or C. For efficient quenching and high 
values of the acceptor concentration, aQ and a or C become very 
low and the experimental lifetime equals 7Q. In these conditions 
a usual Stern-Volmer plot of the reciprocal of lifetime versus 
acceptor concentration gives the true energy-transfer rate constant. 

Experimental Section 
The absorption spectra of pyrene and fluorene in n-hexane were 

obtained with a UV-vis absorption spectrophotometer (Perkin- 
Elmer Lambda 15). Fluorescence spectra were recorded with a 
SPEX Fluorolog F112 spectrofluorimeter, using a home-built cell 
holder, with front-face viewing, except for the dilute solution ([HI 
= 5.0 X 

Fluorescence decay curves were measured by the single-pho- 
ton-counting technique19 using alternate collection of lamp profiles 
and decay curves in order to reduce lamp instability errors. A 
deuterium-tilled gated flash lamp (Edinburgh Instruments F119) 
was used for excitation. Excitation and emission beams were 
passed through a monochromator (Jobin Yvon, H20), the detection 
photomultiplier (Philips XP2254B) being cooled at  -30 OC to 
reduce the noise. The excitation wavelengths were 265 nm, or 
285 nm, and emission was collected at 300 nm and 3 15 nm. Curve 
fitting was performed using a nonlinear least-squares iterative 
reconvolution program that minimizes the $. The &function 
convolution method is usedZo to eliminate the “color” shift of the 
photomultiplier. As reference was used a solution of p-terphenyl 
in cyclohexane ( M, 7 = 1 , I  ns). The quality of the fits was 
judged by the weighted residuals, the autocorrelation of residuals, 
and the 9. 

The fluorescence measurements (steady state and time resolved) 
were performed at room temperature (20 f 1 “C). Solutions were 
degassed by the freeze-pumpthaw technique (4 cycles at 3 X 
low5 Torr). Besides p-terphenyl, the chemicals used were fluorene 
(Eastman Organic Chemicals), pyrene (Koch-Light, zone refined, 
100 passes), n-hexane (Merck Uvasol), and cyclohexane (Merck 
Uvasol). 

Results 
A. Fluorescence Spectra. Figure 1 shows the fluorescence 

spectrum of a dilute solution of fluorene (5.0 X 10” M) and the 
absorption spectra of fluorene and pyrene. The overlap of the 
fluorescence spectrum of fluorene with its absorption opens the 
possibility of energy transport, being the energy transfer to pyrene 
allowed by the spectral overlap of fluorene emission with the 
absorption of pyrene. This is an interesting system that allows 
the study of the influence of energy transport (radiative or non- 
radiative) on the energy transfer to an acceptor. Figure 2 shows 
the fluorescence spectra of one dilute (5.0 X 10” M) and two 
concentrated (2.0 X M) solutions of fluorene in n-hexane: 
one without pyrene and one with [Py] = 2.0 X IO4 M. The shape 
of the spectrum of the dilute solution does not match that of the 
other ones. The differences are due to the absorption of the 
fluorescence emission by fluorene (radiative transport) and pyrene 
(radiative transfer). 

M), where right-angle geometry was used. 

(19) (a) O’Connor, D. V.; Phillips, D. Time Correluied Single Photon 
Counring, Academic: London, 1984. (b) Demas, J .  N. Excited Store Lqerime 
Measurements; Academic: New York, 1983. 

(20) Zuker, M.; Szabo, A. G.; Bramall, L.; Krajcarski, D. T.; Selinger, B. 
Rev. Sci. Instrum. 1985, 56, 14. 



ET from Fluorene to Pyrene in n-Hexane The Journal of Physical Chemistry, Vol. 94, No. 18. 1990 7093 

A 1“ 

Figure 1 .  (0-0-0) Fluorescence spectrum of a 5.0 X IO” M fluorene 
solution and absorption spectra of (---) fluorene and (-) pyrene in 
n-hexane. 

A I” 
Figure 2. Fluorescence spectra of fluorene solutions in n-hexane. A,,, 
= 265 nm: (-) [FI] = 5.0 X IO” M; (---) [FI] = 2.0 X IO-) M; 
(0-0-0) [FI] = 2.0 X 

The full correction of the fluorescence spectrum should be 
performed following eq 14. However, as the distribution functions 
of the successive generations of donors are unknown this is virtually 
impossible. Only S,(X) can be calculated since the distribution 
of the initially excited molecules obeys the Lambert-Beer law. 
Assuming that only this generation of molecules contributes to 
the observed emission (S,(X) = 0; n > I ) ,  a correcting formula 
of the shape of the spectrum, for front-face viewing, can be ob- 
tained21 

M and [Py] = 2.0 X IO4 M. 

where 6 is the penetration depth of the excitation beam in the 
sample and the angles a and fl  are related to the angles a’ = 60°, 
p’ = 30° made, respectively, by the excitation and emission beams 
with the face of the cell, by the Snell refraction law 

cos a’ cos p’ 
cos a cos p - n  (21) -- 

where n is the refractive index of the solvent. 
When one i s  dealing with very absorbing solutions, the expo- 

nential drops to nearly zero and a simplified expression can be 

(21) (a) Melhuish, W. H. J .  Phys. Chem. 1961.65, 229. (b) Arbeloa, 1. 
L. J .  Photochem. 1980, 14.97. (c) Martinho, J .  M. G.; Conte, J. C. J .  Lumin. 
1981, 22, 273. (d) Martinho, J.  M. G.; Pereira, V. R.; Goncalves da Silva, 
A.; Conte, J .  C. J .  Photochem. 1985, 30, 3 8 3 .  
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.ll“ 
Figure 3. Fluorescence spectra of fluorene solutions in n-hexane. A,,, 
= 265 nm: (-) [FI] = 5.0 X IO” M; Corrected spectra of (---) [FI] 
= 2.0 X lo-) M and (0-0-0) [FI] = 2.0 X IO-) M and [Py] = 2.0 X 
10-4 M. 

used to correct the shape of the spectra. Figure 3 shows the 
corrected fluorescence spectra normalized at 3 15 nm. Comparison 
of the fluorescence spectrum of the dilute fluorene solution and 
the corrected one of the solution containing fluorene and pyrene 
shows that they almost superimpose (the influence of the non- 
radiative transfer was removed by the normalization procedure); 
Le., eq 20 satisfactorily corrects the spectrum. However, the 
corrected fluorescence spectrum of the concentrated solution ([FI] 
= 2.0 X M) without pyrene does not match the one of a dilute 
solution. The same phenomenon has been observed already in 
concentrated solutions of DPA (9,10-diphenylanthracene).228 
Equation 20 assumes that the distribution of excited molecules 
obeys the Lambert-Beer law, which is valid for the initially excited 
molecules only. The successive processes of generation of donors 
by reabsorption modify the initial distribution, leading, for 
front-face viewing, to a progressively deeper penetration of the 
excitation into the On the other hand, the contribution 
of the reemission processes to the overall fluorescence is dependent 
on the pyrene concentration via the absorption probability a,, 
which decreases with pyrene concentration. The lack of match 
of corrected fluorescence spectrum of fluorene ([FI] = 2 X 
M) in the absence of pyrene with the one of a diluted solution 
indicates that the contribution of the reemission processes to the 
overall spectrum is significant. This contribution decreases with 
the addition of pyrene to the solution, being minor for the pyrene 
concentration used ([Py] = 2 X lo4 M), as shown by the good 
agreement between the shape of the fluorene spectrum in the 
presence of pyrene with the one of a diluted fluorene solution. 

B. Decay Curves. The decay curves of a dilute solution of 
fluorene in n-hexane (5.0 X 10” M) were found to be monoex- 
ponential ( T ~  = 7.3  ns), yielding the same lifetime independently 
of the emission wavelength. With the increase of fluorene con- 
centration, deviations from a single exponential were observed, 
the decay curves being dependent on both excitation and emission 
wavelengths. This indicates that more than one reabsorption term 
(n  > 2) contributes to the decay curve and that the values of S,(X) 
and a, are different for the successive generations of donors. 
Similar effects were observed before for the decay curves of DPA 
in benzene.22a For the concentrations used ([FI] = 8.0 X IO4 M; 
[FI] = 2.0 X M) deviations of the decay curves from a single 
exponential are small and well taken into account by adding a 
second exponential term. Average lifetimes of 8.3 ns ([FI] = 8.0 
X IO4 M and 8.9 ns ([FI] = 2.0 X M) were obtained by using 
excitation light of wavelength A,,, = 265 nm and recovering the 
emission at  A,, = 315 nm. For the most concentrated solution 
in fluorene (2.0 X M) without pyrene an average reabsorption 

(22) (a) Martinho, J .  M. G.; Maqanita, A. L.; Berberan-Santos, M. N. J .  
Chem. Phys. 1989, 90, 5 3 .  (b) Sakai, Y.; Kawahigashi, M.; Minami, T.; 
Inoue, T.; Hirayama, S. J .  Lumin. 1989, 42, 317.  
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Figure 4. Plot of reciprocal fluorene lifetime versus pyrene concentration 
of solutions in n-hexane excited at A,,, = 265 nm and analyzed at A,, 
= 3 I5 nm. The solid and dashed lines correspond to corrected values 
(according to eqs 23, 11,  and 24) of the solutions [FI] = 2.0 X M 
and [FI] = 8.0 X IO4 M,  respectively. 

coefficient a = 0.33 was obtained from eq 17 (C, = 0 M), for 
a quantum yield for fluorene in n-hexane of 0.55. The quantum 
yield was obtained by comparing the areas of the corrected 
fluorescence spectra of a dilute solution of fluorene in n-hexane 
with a dilute solution of fluorene in ethanol (ao = 0.54),23 con- 
sidering the difference in refractive index of the solvents and optical 
densities of the solutions at the excitation wavelength. 

Samples with higher pyrene concentration show a decrease in 
the deviations from a single exponential and this indicates that 
the number of terms necessary to describe the radiative transport 
decreases with increasing pyrene concentration. In  fact, when 
only one reabsorption term suffices to describe the radiative 
transport ( n  = 2) and kQ(t) is time-independent, the decay is single 
exponential. The time independent nature of the rate coefficient 
is a reasonable a s s ~ m p t i o n , ~ ~  since the “mixing” between donors 
and acceptors is efficient in n-hexane due to its low viscosity which 
leads to large diffusion coefficients. The decrease in the number 
of terms with the addition of pyrene is expected owing to the 
competition of the nonradiative transfer process and the decrease 
of a, with pyrene concentration and S,(X)/S,(X) with n. 

The reciprocal of the lifetime versus pyrene concentration, 
obtained from the decays of solutions excited at  265 nm and 
detected at 315 nm, are presented in Figure 4 for two fluorene 
concentrations ([FI] = 8.0 X M and 2.0 X IO-3 M).  
Whenever the decay curves were fitted with more than one ex- 
ponential, average lifetimes were calculated by 

where Ai, 7i are the preexponential factors and lifetimes obtained 

(23) Weber, G.; Teale, F. W. J. Trans. Faraday SOC. 1957, 53, 646. 
(24) This was confirmed by simulation of the donor decay curve using the 

time-dependent transfer rate coefficient generated with the expected values 
of D and R, for the fluorenepyrene transfer in n-hexane. For the most 
concentrated solution in pyrene the deviations of the simulated decays to a 
single exponential are minor, the lifetime being recovered with an accuracy 
better than 5%. This is expected on the basis of the ap roximate Birks 

in its limit since both mean molecular diffusing distance, ? = (2Di0)”* = 94.4 
A, and 3Ro = 97.5 A are of the same order of magnitude. 

criterion’ of applicability of Stern-Volmer kinetics, P t 3R0 8 *, which is here 

O r  

Q J *  

C o,2iL 
IF11 = 8.OE-4 M 

fFII = 2.OE-3 M # 
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[PyI/1E-5 M 

Figure 5. Plot of experimental values of C versus pyrene concentration 
of solutions in n-hexane excited a t  A,,, = 265 nm and analyzed at A,, 
= 315 nm. 

from this fitting procedure. One notices deviations to the expected 
linearity that should be observed in the absence of radiative 
transport. Deviations are more pronounced for the highest fluorene 
concentration since the a, values increase with the donor con- 
centration (see eqs 1 and 2). The two straight lines in Figure 4 
correspond to corrected values of the reciprocal lifetimes. These 
values were calculated in an iterative way by using eq 17, rewritten 
for each point i (a specific acceptor concentration), as 

The values of Ci were arbitrarily chosen in the range 0-0.3 and 
used in eq 23 to calculate 7Qi. These values were then used to 
calculate kQ from the Stern-Volmer eq 1 1. In a third step new 
values of Ci were calculated from 

obtained by substitution of eq 1 1  for 1 / 7Q in eq 23. Finally these 
values were reintroduced in eq 23 and the process was repeated 
until all values agreed. Corrected values of the reciprocal lifetime 
clearly show that radiative transport becomes less important at 
high pyrene concentrations. This view is supported by the 
agreement of the corrected fluorescence spectrum of fluorene in 
the presence of pyrene with that of a dilute solution (Figure 3) .  
The kQ values obtained were 6.9 X lolo and 7.0 X 10” M-l s-I 
for the concentrations [FI] = 8.0 X IO4 M and [FI] = 2.0 X 
M, respectively. Figure 5 shows the values of C recovered. These 
values are larger for the highest concentration of fluorene due to 
the values of a, that increase with fluorene concentration. The 
two sets of values decrease with the concentration of pyrene, owing 
to the competition between pyrene and fluorene for the absorption 
of the fluorene emission. These are the trends expected on the 
basis of our formulation for the radiative processes. 

Figure 6 shows the variation in reciprocal lifetime of fluorene 
([FI] = 2.0 X M) versus pyrene concentration, with the 
fluorescence recovered at 300 and 315 nm. This plot shows the 
influence of the observation wavelength on the decay lifetimes. 
This is carried into the S,,(X)/S!(X) ratios which are lower at 300 
nm where reabsorption of the fluorene emission occurs. The 
corrected lifetimes obtained by the procedure described above are 
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Figure 6. Plot of reciprocal fluorene lifetime versus pyrene concentration 
of solutions in n-hexane ([FI] = 2.0 X M) excited at A,, = 265 nm. 
The solid and dashed lines correspond to corrected values (according to 
eqs 23, 11,  and 24) of solutions analyzed at A,, = 315 nm and A,, = 300 
nm, respectively. 

also included. Values of kQ equal to 6.5 X lo lo  and 7.0 X 1O’O 
M-I s-I were obtained for A,, = 300 nm and A,,,, = 315 nm, 
respectively. In order to see the influence of excitation wavelength, 
the reciprocal lifetimes of solutions of fluorene ([FI] = 8.0 X lo-“ 
M) excited at 265 and 285 nm, being the fluorescence recovered 
at  3 15 nm, were plotted versus pyrene concentration in Figure 
7 .  The reciprocal lifetimes for the same pyrene concentration 
are closer, indicating that the influence of excitation wavelength 
is small. values of kQ equal to 6.9 X 1 o 1 O  and 7.3 X 1 o ’ O  M-’ 
s-I were obtained for A,,, = 265 nm and A,,, = 285 nm, respec- 
tively. For excitation at 285 nm, the light penetrates deeper into 
the cell (tF1(285 nm) < cF1(265 nm)), and the a,, values should 
be higher. However, an effect of compensation probably occurs 
due to higher values of the ratio S,,(A)/S,(X) at  265 nm. 

Discussion 
The set of rate constants obtained in a variety of experimental 

conditions are within the experimental error (kQ = (6.9 f 0.4) 
X 1Olo M-’ s-’). The invariance of the energy-transfer rate 
constant with fluorene concentration indicates that nonradiative 
energy migration over donors is unimportant. 

The theoretical expression for the energy-transfer rate constant 
in solution by a dipole-dipole mechanism depends on the pa- 
rameter2’ 

1 (RODA)6 ‘ I 2  zo=- - 
2R2[ ] 

where R, = Rn + Rq. is the encounter radius, RoDA the Forster 
radius, and De = Dn + De the mutual diffusion coefficient. The 
diffusion coefficients were calculated by the modified Stokes- 
Einstein equation26 

where kB is the Boltzmann constant, T the absolute temperature, 

(25) (a) Klein, U. K. A.; Frey, R.; Hauser, M.; Gbele, U. M. Chem. Phys. 
Lett. 1976, 41, 139. (b) Martinho, J .  M. G.; Conte, J .  C. J .  Lumin. 1982, 
27, 441. 

(26) Alwattar, A. H.; Lumb, M. D.; Birks, J.  B. In Organic Molecular 
Photophysics; Birks, J .  B., Ed.; Wiley: London, 1973; p 403. 
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Figure 7. Plot of reciprocal fluorene lifetime versus pyrene concentration 
of solutions in n-hexane ([FI] = 8.0 X IO4 M) analyzed at  A,, = 315 
nm. The solid and dashed lines correspond to corrected values (according 
to eqs 23, 11,  and 24) of solutions excited at A,,, = 285 nm and A,,, = 
265 nm, respectively. 

11 the solvent viscosity, R the solute molecule radius, andfi an 
empirical microfriction factor 

(27) 
From the diffusion 

A = 0.16 + 0.41(R/RS) 

R, being the solvent molecular radius. 
coefficients calculated at 20 OC Dn = 3.2 X lo-’ cm2 s-I and D 
= 2.9 X lo-’ cmz s-l and the Forster radius RoDA = 32.5 
evaluated from the corrected fluorescence spectrum of fluorene, 
and the absorption spectrum of pyrene in n-he~ane ,~’  a value of 
Zo = 6.1 was obtained. For Zo >> 1 the energy transfer occurs 
at distances larger than the encounter radius and the expression 
to be used for the rate constant i ~ l ~ * ~ , ~ ~  

4iTDeN~ (RODA)6 ‘I4 
k ,  = -0.676[ 1000 -1 TODC (28) 

where NA is Avogadro’s number. From this equation, a value of 
k ,  = 7.1 X 1OIo M-l s-I was evaluated in close agreement with 
the experimental value, k ,  = (6.9 f 0.4) X 1 O l o  M-I s-l. 

The influence of nonradiative energy transport over donors 
(energy migration) can be estimated by the energy migration 
coefficient. For a dipole-dipole interaction mechanism, the 
steady-state valueZs of the energy migration coefficient is given 
by 

413 
A = 2.19-( TO sCD) (29) 

For the highest concentration ([FI] = 2.0 X M) and a Forster 
radius of RoDD = 20.8 A calculated for the fluorene-fluorene 
transfer, an energy migration coefficient of 3.1 X cm2 s-I was 
calculated. This value is 3 orders of magnitude lower than the 
diffusion coefficient, showing that energy migration over fluorene 
molecules does not influence the nonradiative energy transfer to 
pyrene. This is another indirect confirmation of the validity of 
the correcting method for the radiative transport. In conclusion, 

(27) This value compares well with the value of 33.8 A tabulated by 
Berlman (Berlman, 1. B. Energy Transfer Parameters of Aromatic Com- 
pounds; Academic: New York, 1973). 

(28) (a) Haan, S. W.; Zwanzig, R. J .  Chem. Phys. 1978, 68, 1879. (b) 
Gochanour, C. R.; Andersen, H. C.; Fayer, M .  D. J .  Chem. Phys. 1979, 70, 
4254. 
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radiative transport is important at small concentrations of acceptor, 
as observed before by Birks et and influences the decay 
curves and fluorescence spectrum of the donor. When the radiative 
processes are taken into account by the expressions presented, 
reliable values of the nonradiative energy-transfer rate constant 
are obtained. acknowledged. 
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Rate constants for the title reactions are computed by using variational transition-state theory with semiclassical ground-state 
adiabatic transmission coefficients for the temperature range from 200 to 2400 K. The rates are computed from selected 
information about the potential energy surface along the minimum energy path as parameters of the reaction path Hamiltonian. 
The potential information is obtained from ab initio electronic structure calculations with an empirical bond additivity correction. 
The accuracy of this semiempirical technique for obtaining the potential information is tested by comparing the results of 
the underlying ab initio calculations with higher quality multiconfiguration SCF and multireference CI calculations and 
by using increasingly higher quality ab initio electronic structure calculations before applying the bond additivity correction. 
For the reactions H + NH3 - H2 + NH2, H2 + NH2 - H + NH3, and D + ND3 - D2 + ND2, the ultimate test is given 
by comparison with recent experimental results. Although the agreement is good in general, the comparisons of experiment 
and theory indicate that the computed barrier height is overestimated by about 1 kcal/mol. Quantitative agreement is found 
for all three reactions listed above by suitably scaling the potential information. The experimental results are extended down 
to 200 K and up to 2400 K for these three reactions, and predictions are provided for the reaction D2 + ND2 - D + ND3 
for the temperature range from 200 to 2400 K.  

I. Introduction 
Hydrogen atom abstraction reactions are ubiquitous in the 

combustion of hydrogen-containing compounds. As an example, 
the gas-phase chemical reaction 

(R1) 
is important in  the thermal decomposition and combustion of 
ammonia. The rate of reaction RI  has recently been measured 
by using three different experimental techniques;]+ these ex- 
periments combine to yield rate data from 500 K-where the 
slowness of the reaction tests the limits of the sensitivity of the 
experimental apparatus-up to 1777 K. These experiments are 
in good agreement with each other in temperature regions where 
they overlap, but overall they disagree with older  experiment^^.^ 
that indicated the reaction was much slower. 

H + NH3 + H2 + NH2 

Compared to reaction RI ,  its reverse 
H2 + NH2 - H + NH3 (R2) 

has been the subject of fewer direct  measurement^,"^^^^ although 
it is also important in  ammonia combustion. The most recent 
direct measurement of the rate of reaction R2 extends over the 
temperature range from 673 to 1003 K using a single experimental 
technique4 and combined with the earlier study7 provide reaction 

'Present address: Molecular Science Research Center, Pacific Northwest 
Laboratory, Battelle Boulevard, Richland, WA 99352. Pacific Northwest 
Laboratory is operated for the US. Department of Energy by Battelle 
Memorial Institute under contract DE-AC06-76RLO 1830. 
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rates from 400 K up to 1003 K. By also studying reaction R I  
in the same experimental apparatus, estimates of the equilibrium 
constant for reactions RI  and R2 and the thermochemistry of the 
NH2 radical have also been ~ b t a i n e d . ~  In another recent study,9 
the equilibrium constant for reactions R1 and R2 has been 
evaluated over the temperature range from 900 to 1620 K, and 
combined with earlier determinations of the rate of reaction R1 , I  
reaction rates for R2 were also obtained. 

The deuterated analogue of reaction R 1 

D + ND3 -+ D2 + ND2 (R3) 

has also been studied by using a single experimental technique 
over the temperature range from 590 to 1220 K.Io The wealth 

(1) Michael, J. V.; Sutherland, J. W.; Klemm, R. B. Int.  J .  Chem. Kinet. 

(2) Marshall, P.; Fontijn, A. J. Chem. Phys. 1986, 85, 2637. 
(3) KO, T.; Marshall, P.; Fontijn, A. J .  Phys. Chem. 1990, 94, 1401. 
(4) Hack, W.; Rouveirolles, P.; Wagner, H. Gg. J .  Phys. Chem. 1986, 90, 

( 5 )  Baulch, D. L.; Drysdale, D. D.; Horne, D. G. Eualuared Kinetic Duto 

(6) Hanson, R. K.; Salimian, S. Combustion Chemistry; Gardiner, W. C., 

(7) Demissy, M.; Lesclaux, R. J .  Am. Chem. SOC. 1980, 102, 2897. 
(8) Holzrichter, K.; Wagner, H. Gg. Symp. ( Inr . )  Comb. [Proc.] 1980, 18, 

(9) Sutherland, J. W.; Michael, J. V.  J .  Chem. Phys. 1988, 88, 830. 
(IO) Marshall, P.; Fontijn, A. J .  Phys. Chem. 1987, 91, 6297. 

1985, 17, 315; J. Phys. Chem. 1986, 90, 497. 

2505.  

fo r  High Temperature Reactions; Butterworths: London, 1973; Vol. 2. 

Jr., Ed.; Springer: New York, 1984; Chapter 6. 

769. 
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