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Figure 2. Analytical fluorescence curves of (A) rhodamine 6G in ultra-
pure water with photomultiplier voltage at 1250 V; (B) rhodamine 6G
in purified ethanol at 1200 V; and (C) aflatoxin B; and G, (1:1) in pu-
rified ethanol at 1250 V. The straight lines are best least-squares fits,
The error bars on the data points represent estimates based on the fluc-
tuations in the signal level. Note that the slope in (C) is flatter than in
(A) although the same photomultiplier voltage setting is used. This is a
consequence of the fact that the quantum yield of aflatoxin is less than
that of rhodamine 6G.

maximum occurs at 555 nm.® Aflatoxin B; and G; (1:1
mixture) is obtained from Dr. L. M. Seitz (U.S. Grain
Marketing Research Center, Manhattan, Kan.).

The sample cell and all glassware were soaked in concen-
trated nitric acid, rinsed with hydrofluoric acid, and washed
amply with solvent and sample. The strong background flu-
orescence of solvent impurities, when exposed to laser light,
was considerably reduced by purification of the solvents.
Absolute ethanol was obtained by fractional distillation,”
and ultrapure water was obtained using four filters, two
deionizing tanks, two carbon tanks, followed by all-glass
distillation. The dye solutions were not deoxygenated; how-
ever, the effect of dissolved oxygen on rhodamine 6G is
mainly to depopulate triplet states.3

Figure 2 shows the dependence of the fluorescence signal
on concentration for rhodamine 6G in water (Figure 2A),
rhodamine 6G in ethanol (Figure 2B), and aflatoxin B; and
Gi (1:1) in ethanol (Figure 2C). An upper limit to the lin-
earity for the dye solutions occurs at 2 X 10~ M, where
self-quenching and reabsorption of the luminescence causes
nonlinearities. For low concentrations, the limit of detection
of rhodamine 6G in water is 1.3 X 107!2 M (0.62 parts per
trillion) and in ethanol 8.2 X 10713 M (0.39 parts per tril-
lion). For the aflatoxin solution the limit of detection is 7.8
X 10712 M (2.5 parts per trillion). Since the laser, when fo-
cused on the sample cell, excites molecules only in about 0.6
ml of the total volume, the given detection limit implies that
3 X 108 dye molecules in solution are being detected by the
present technique. This limit also corresponds to 1.7 pg of
aflatoxin in the volume excited. This appears to be the
smallest quantity of aflatoxin yet detected.#® Even so, we
have not attempted here to take advantage of the coherence
properties of the laser beam, which permit it to be focused
to a diffraction-limited spot, facilitating the use of laser flu-
orimetry in microanalysis.

At present, the major background interference arises
from residual light scattered by the sample cuvette and
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transmitted by the filters. However, this difficulty can be
removed by an improvement in the cell design and filter sys-
tem, allowing the detection limits to be extended still fur-
ther. These results encourage us to believe that in many di-
verse situations requiring ultrasensitivity, laser fluorimetry
can reduce the limits of detection by several orders of mag-
nitude.
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Thermodynamics of Exciplex Formation
by Time-Resolved Nanosecond Flash Spectroscopy
Sir:

We have recently proved! the intermediacy of singlet ex-
ciplexes in several [2 + 2] photocycloadditions to the phen-
anthrene chromophore. A complete understanding of both
exciplex formation and decay is now clearly implicit to an
understanding of many bimolecular photochemical reac-
tions. One important aspect of exciplex decay, reversibility
of the formation step, is relatively unexplored. Weller? has
determined thermodynamic parameters®# in the formation
of arene-amine exciplexes, where reversion sometimes dom-
inates other processes of exciplex decay. The negative tem-
perature dependence of several photocycloadditions has
been attributed to the reversibility of exciplex formation;’
however, in these cases complete kinetic analysis was pre-
cluded by the lack of exciplex emission. We now present the
results of a time-resolved spectrofluorimetric study which
leads to an essentially complete analysis of photoreactions
involving reversibly formed, emitting exciplexes. Photo-
physical and thermodynamic parameters are similar for re-
active and nonreactive® exciplexes. The major difference
between the two thus seems no more than the presence of
reactive exit channels in the former.

We have utilized a pulsed nitrogen laser (3371 A, full
width at half maximum, FWHM, ~8 ns), a PAR 162 box-
car integrator equipped with a Model 164 processor module
(aperture S ns), and a Spex 1704 monochromator equipped
with either an RCA 1P28 or a Hamamatsu R446 photo-
multiplier. The time-constant of the Model 164 processor is
ca. 9 ns and hence the laser pulse convoluted with the box-
car response has a FWHM of ca. 15 ns. The boxcar aper-
ture delay could be scanned (mode I) leading to a time pro-
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Table I. Kinetic and Thermodynamic Parameters for Exciplexesd
+knC

skC(s™Me  off k€ ™) ¢RE  KRCG™)  KeqWM™) kemy M™ s™) kmc (5™) (kls((;“ ;CID )
Anth---DEA? 9.1 x 10° 0.60 5.45 x 10¢ ~0 ~0 9.2 x 103 9.2 x 10° 1.0 x 10° 3.65 x 10°¢
Phen--FN¢ 5.1 x 107 0.049 2.5 x 10° <0.001 <5 x 10* 6.6 X 10? 1.55 x 10'® 2.4 x 107 4.8 x 107
9CNP---p-BAC 3.0 x 107 0.14 42x10° 0.07h 2.1 x 10° 3.7 x 102 4.1x 10° 1.1 x 107 2.4 x 107
9CNP---1-A 1.1x 10* 0.038 4.0 x 10° 0.4h 4.2 x 107 1.26 x 102 6.6 x 10° 5.7 x 107 6.4 X 107

AG®T TAS ik AH°T Erl

Anth- - -DEA -5.4 (-4.5) -9.9! 7.7
Phen- - -FN -3.8 (-4.5) -8.31 114
9CNP: - -p-BA -3.5 -39 -7.4 9.45
9CNP- - A -2.8 (-4.5) -7.31 7.6

aOutgasseQ benzene. ¥ Anthracene--diethylaniline. ¢ Phenanthrene---fumaronitrile. ¢9-Cyanophenanthrene---p-butenylanisole. € £kC = 1/7cs
7¢ measured in mode [ experiments. fPrecision +10%. £ Quantum yields for photoaddition to the arene. #R. A. Caldwell and L. Smith, J. Am.
Chem. Soc., 96,2994 (1974). i k1gC + kpC = £kC — (kRC + kpC). 'kcal mol ™ . k At 300 K. !Calculated assuming AS® ~ —15 cal deg™
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Figure 1. Time-resolved emission spectra in the system 9CNP-..t-A,
Spectra were recorded from 340 nm (A) to 450 nm (B) at times (¢) be-
fore and after the peak (1 = 0 ns) of the N3 laser pulse. Inset: laser
pulse profile as function of ¢.

file of emission at a particular wavelength; alternatively, by
maintaining a constant delay time, and recording the output
as a function of wavelength (mode II), the emission spec-
trum of the system at a particular time following the laser
pulse could be presented. A repetition rate of 20 s~! allowed
ca. 200 pulses per nanometer in mode II. The time base was
calibrated with a 50-MHz quartz crystal oscillator and
standard deconvolution techniques afforded lifetimes in
good agreement with those expected for degassed phenan-
threne (59.1 ns vs. 60 ns expected®) and 10™3 M aerated an-
thracene (3.7 ns vs. 4.0 ns expected”).

Figure 1 shows a mode II experiment for the system 9-
cyanophenanthrene (9CNP)-trans-anethole (-A) in out-
gassed benzene, the experimentally most difficult case we
have studied in that the exciplex and (quenched) monomer
lifetimes were shortest. The expected lifetime of 9CNP in
this experiment is ca. 1.0 ns and >99.99% of the initially
excited monomer will thus have been quenched at ¢ = 40 ns.
The ratio of the 9CNP (Anax 378 nm) to exciplex (Amax 450
nm) emission does not go to zero, however, but remains
constant for ¢ 5 35 ns.® This behavior is to be expected3b4
when the emitting species do not decay independently. The
shape of the expanded and corrected spectru 1 below about
370 nm (i.e., throughout the monomer 0, fluorescence
band) is essentially free of complex emissi 1 (Figure 2).
The monomer contribution can therefore e subtracted
from the total spectrum and I¢c/Im, the fluorescence yield
ratio of exciplex to monomer in the stationary ratio region,
readily calculated.

From the partial kinetic scheme (Scheme I) given below

CORRECTED INTENSITY

350 400 450 sbo 550nm

Figure 2. (A) Corrected time-resolved emission spectrum at ¢ = 36 ns
for the system 9CNP- . .t-A. (B) 9CNP contribution to total spectrum.
(C) Exciplex contribution to total spectrum.

Scheme I
M M+ Q
products %\knw‘ kn‘/ V products
M o kFr\ M@, M?
M+ A M+Q+

(using Steven’s notation*) the equilibrium constant Keq =
kcm/kwmc can be determined.

The equation below may be derived for the stationary
ratio portion of the curve from the relationship

1 d{M*] 1 d[MQ*]

[(M*]  d¢ (MQ*] d:
(i.e., the operational definition of a stationary ratio), the
general expressions for d[M*]/d¢ and d{MQ*}/d¢ implied
by the scheme, and the continuous irradiation Stern-Vol-
mer slope S = kemTm/(1 + kmcerce) for quenching of M*
by Q. The derivation will be presented in the full paper.

K. = uS(u + 7¢c/T™)
7 (u+ DSIQ] - u(rm/Tc = 1)

whi

w

IMQ*) _ ¢e™ 7c  Ic

M*] ¢ 7™ Im
is the experimentally obtained stationary concentration
ratio where ¢FM and ¢© are the monomer and exciplex flu-
orescence quantum yields, respectively. The quantities 7™
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and 7c~! are summations of the various rate processes
(other than equilibration) which deplete M* and MQ#*, re-
spectively.

Table I gives kinetic data for four exciplexes, two reac-
tive (quantum yields for photoaddition, ¢r, are given in
Table I) and two unreactive.2® Complete discussion must
await the full paper but several points appear clearly. (1)
The radiative rates (k) for all four exciplexes are ca. 5 X
10% s—1, Based on these and other published data,*!? a radi-
ative rate of ca. 1-5 X 106 s~! appears to be a useful rule of
thumb both for excimers and for exciplexes possessing high
charge-transfer stabilization, irrespective of their capability
for forming stable photoproducts. (2) The reaction rates
(kRC = ¢rrc™!) vary by a factor of at least a thousand
while the rates of radiationless decay (kp€ + ki1s©) vary far
less. It seems likely that the weakness or absence of exciplex
emission in many reactive systems is a consequence of high
reaction rates. (3) We have measured K¢q as a function of
temperature for 9CNP-.p-BA and find AH® = —7.4 kcal
mol~! and AS°® = —13.1 cal mol~! deg™!, comparable with
expectations based on Weller’s finding? for arene-amine ex-
ciplexes. Thermodynamic behavior thus appears to differ
little between reactive and unreactive exciplexes. Factors
feading to formation of stable exciplexes are not necessarily
those which cause exciplex collapse to szable products. It is
possible that the failure to observe product formation in
many systems where exciplexes can be observed reflects the
instability with respect to starting materials of other meta-
stable intermediates (e.g., biradicals) derived from exci-
plexes.!! (4) Assumption of AS® =~ —15 cal deg™! mol~!
for those exciplexes where Keq was not measured as a func-
tion of temperature leads to values of Fg, the repulsion en-
ergy'? between unexcited M and Q at the equilibrium exci-
plex configuration, of 7.5-11.5 kcal mol~!, again within the
range of arene-amine exciplexes.

In summary, a combination of mode I and mode II exper-
iments with steady-state quantum yield data provides virtu-
ally a complete kinetic analysis. Excited-state thermody-
namic and kinetic parameters for reactive systems where re-
version (kmc) neither dominates nor is negligible seem ac-
cessible only with difficulty by the steady-state method
owing to the possible temperature dependence!? of kr€.
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Characterization and Molecular Structure of
[HP(OCH,CH;);N]BF,. Pentacoordination of
Phosphorus

Sir:

While five-coordination in pentavalent phosphorus sys-
tems is profusely documented in the literature,! phosphoni-
um cations have been found to be consistently four-coordi-
nate. Here we report the characterization and molecular
structure of 1 in which the presence of an N—P coordinate
bond confers a trigonal bipyramidal geometry on the phos-
phorus atom. The second step of the reaction below invari-

ably gives the expected alkyl phosphonium cation
RP(OR)3* with acylic
CgHg
P(NMe3); + (HOCH,CH,);N —>»
R30BF4
(R = Me, Et)
P(OCH,CH;);N —————> [HP(OCH,CH,»)3N]BF4
MeCN
1
phosphite esters? or bicyclic phosphites such as

P(OCH,)3CMe.? The abstraction of a proton which occurs
with the present system* is highly suggestive of basicity en-
hancement of the phosphorus via nitrogen lone pair coordi-
nation.

In acetonitrile solution the presence of a 1./py coupling of
791 Hz appearing in both the 'H (8, 6.03 d) and 3P (8,
20.2 d of mults®) NMR spectra of 1 is unusually low com-
pared to those for HP(OMe);* (826.2 Hz)® and
HP(OCH3);CMe* (899.2 Hz)®%7 which can only be ob-
served in strongly acidic media. This contrast indicates a
comparatively low degree of s character in the P-H link of
1 consistent with a tricyclic structure in which the proton is
located on the axis of a trigonal bipyramid.

To test this structural hypothesis, a crystal and molecular
structure determination of 1 was undertaken by x-ray dif-
fraction techniques. Preliminary examination of 1 showed
that the crystals belong to the orthorhombic crystal class
with @ = 12.784 (6), b = 9.320 (4), and ¢ = 8.988 (3) A
and four units of composition HP(OCH,CH;);N-BF, per
unit cell. Assignment of a space group was not unambigu-
ous since the systematic extinctions (0k!/ absent if k + /| =
2n + 1, hO! absent if A = 2n + 1) were consistent with both
Pna2, and Pnam. In the latter space group the molecule
would have to have a molecular mirror plane in the absence
of disorder.

A total of 873 unique reflection intensities with 28 <
114° were measured using a computer controlled four-circle
diffractometer and Cu K, radiation (1.5418 A). Of these,
615 were judged observed after correction for Lorentz, po-
larization, and background effects (F, < 3¢(F,)). Intensity
statistics were not particularly helpful in deciding the space
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