
Picosecond excitation and selective intramolecular rates in supersonic 
molecular beams. III. Photochemistry and rates of a charge transfer reaction 

J. A. Syage, P. M. Felker,a) and A. H. Zewailb) 

Arthur Amos Noyes Laboratory o/Chemical Physics, California Institute o/Technology, Pasadena, 
California 91125") 

(Received 20 January 1984; accepted 13 March 1984) 

The picosecond state-selective dynamics and photochemistry of the molecule A-(CHzh-<p, where 
A and tp are aromatic chromophores, was studied under collision-free conditions in a supersonic 
beam. Time-resolved fluorescence measurements of the reactant and the charge transfer 
(exciplex) product were undertaken as a function of specific vibrational energy above the zero 
point level of SI' From these studies along with an analysis ofthe excitation spectra, dispersed 
flourescence, and quantum yields, the following results and conclusions were reached: (i) IVR is 
much faster than reaction at all excess energies studied. (ii) The energy threshold for product 
formation is Eo~900 cm -1 (2.6 kcallmol). The analysis of the rates using an effective 
temperature model gives a frequency factor of Aoz 1.2 X 1010 s -1. Four torsions were identified as 
critical to the reaction dynamics which were modeled according to a multidimensional reaction 
coordinate using an RRKM scheme. (iii) The thermodynamics of the isolated charge transfer 
product indicates strong stabilization ~H = - 9.2 kcallmol and extensive charge transfer, the 
static dipole moment is 13 D, and the charge transfer contribution to the total electronic wave 
function ICzlz is 0.86. (iv) A comparison of the present work to solution phase studies of 
A-(CHzh-<p indicates similar static properties but different dynamics. The calculated thermal 
(room temperature) reaction time for exciplex formation in the vapor (540 psI was compared to the 
shortest observed value in solution (1.4 ns) to assess the role of the solvent on the chain motions 
which lead to product formation. 

I. INTRODUCTION 

In the first two papers of this series,1.2 we presented an 
account of the investigation of intramolecular vibrational­
energy redistribution (IVR) using the picosecond-jet meth­
od.3.4 Understanding the selectiveness ofIVR among differ­
ent rotational-vibrational degrees of freedom and the effect 
of this redistribution on the overall dynamics of a molecule is 
a crucial concern in the study of selective photochemical 
processes in isolated molecules. Only recently have the mea­
surements of such selective rates for photochemical changes 
(e.g., trans-cis isomerization of stilbene5.6 and related sys­
tems7

•
8) been obtained using picosecond laser excitation of 

jet-cooled molecules. By exciting into specific single vibronic 
levels (SVL), it was possible to search for mode selective 
channels and measure the energy thresholds for these pro­
cesses.3 The rates for isomerization,5-8 for instance, were 
measured by monitoring in time the population of the initial­
ly prepared state. However, the channelling of the popUla­
tion to product states following the IVR and the photochem­
istry could not be directly followed. 

Recently, we communicated results9 on a photochemi­
cal process which allowed us to monitor the formation of the 
product as a function of specific excess energy deposited in a 
single chromophore. The molecule studied was 
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where A stands for anthracene (C-9 substitution) and tp for 
N,N-dimethylaniline (C-4 substitution). In solution, this 
molecule upon local excitation in the anthryl group is known 
to undergo a conformational change promoted by solvent to 
form a strongly fluorescing charge transfer or exciplex 
t t 10--13 Th' .. I I' . h s a e. IS process IS partlcu ar y mterestmg w en the 

molecule is jet cooled since the chain connecting the two 
chromophores has insufficient initial energy to undergo a 
change in geometry. Thus, the formation of the product or 
folded species (exciplex), which has a different fluorescence 
spectrum from anthracene (i.e., the "product" can be moni­
tored separately from the "reactant"), must depend on IVR 
from anthryl modes into exciplex promoting modes. This 
paper gives a full account of the earlier communication9 on 
the picosecond dynamics of this chromophore selective exci­
tation in A-(CHzh-<p, 

In presenting the picosecond-jet results on A-(CHzh­
tp, we have two objectives in mind. First, we shall examine 
the dynamics of intermode coupling and their influence on 
the reaction rates. In particular, the following questions are 
of central focus: How selective is IVR in popUlating reactive 
vs nonreactive modes? What is the nature of the torsional 
chain modes and how do they participate in exciplex forma­
tion? How does the involvement of several chain modes 
along the reaction coordinate affect the rate of reaction? 

Second, the photochemistry of the exciplex will be de­
scribed and related to the kinetics, thermOdynamics and po­
tential energy surface for exciplex formation. In this study of 
intramolecular (charge transfer) photochemistry, we are in­
terested in understanding the differences in the picosecond 
dynamics of exciplex formation under jet-cooled conditions 
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compared to those reported under thermally congested bulb 
and solution conditions. Furthermore, by comparing our jet 
results with those for solution, we are able to examine the 
role of the solvent in the exciplex kinetics. 

The paper is arranged as follows: Sec. II describes the 
experimental apparatus (picosecond laser-continuous jet 
and nanosecond laser-pulsed jet systems), data analysis, and 
materials. In Sec. III, we present our results and analysis on 
the vibrational structure of the ground and first excited elec­
tronic states of A-(CH2b-q? and anthracene, as well as the 
time-resolved measurements and relative quantum yields as 
a function of excess energy. A discussion of the energy spe­
cific reaction dynamics of A-(CH2b-q? is encompassed in 
Sec. IV. The section begins by examining the electronic and 
thermodynamic properties resulting from intramolecular 
energetics (hence no solvent interactions) (Sec. IV A). We 
then relate the measured rates to a kinetic model describing 
the reaction dynamics in the isolated molecule (Sec. IV B). 
Finally, an analysis of the intramolecular dynamics covering 
the details of IVR and the reactive torsional chain modes is 
discussed (Sec. IV C). There we focus on a model for a multi­
dimenional reaction coordinate and discuss the ramifica­
tions of coupled reactive modes. Comparisons to the solu­
tion phase are also made where we examine the extent to 
which solvent molecules impede the motions of the reactive 
torsional modes. 

II. EXPERIMENTAL 

A. Nanosecond laser-pulsed jet apparatus 

A pulsed supersonic jet system using nanosecond laser 
excitation was employed to record excitation and dispersed 
fluorescence spectra as well as time-resolved spectra involv­
ing long-lived ( > 20 ns) decays. 

The pulsed beam apparatus is a new home-built system 
which is diagrammed in Fig. 1. Central to the pulsing 
scheme is a pulse controller, designed to perform as a dual 

Total 
Fluorescence 

Dispersed 
Fluorescence 

JET 

Fl DBS 

pulse generator and a pulsed amplifier. This device is used 
for triggering the pulsed beam nozzle, the Y AG pumped dye 
laser, and a feedback system for automatic angle tuning of 
the KDP doubling crystal. The pulsed outputs are indepen­
dently adjustable for pulse duration and delay. A digital dis­
play gives instant readouts of all trigger pulse widths and 
delays as well as repetition rate and total number of pulses. 

The pulsed nozzle is activated by a low inductance sole­
noid which is driven by the pulsed amplifier capable of deli­
vering greater than 10 kW of peak power. Amplified pulse 
durations of about 500 f-ls with:::::: 100 V and 100 A peak 
power worked well typically giving nozzle pulse widths of 
about 250 f-ls (FWHM). The mechanical delay inherent in 
activating the nozzle is about 600-800 f-ls depending on the 
amplified pulse and has a jitter and long term stability of .;; 20 
f-ls (well within the nozzle pulse width). Although, the nozzle 
can operate at repetition rates in excess of 50 Hz, we were 
limited by the Y AG laser to 15 Hz. 

The low duty cycle of our pulsed valve enables us to use 
a compact 4 in. diameter chamber which is pumped down by 
a 4 in. diffusion pump. The ambient pressure in the chamber 
during all experiments never exceeded 5 X 10-4 Torr. 

We used a 300 f-lm aperture for all experiments reported 
here, although this dimension may be varied (750 f-lm maxi­
mum) by inserting appropriate electron microscope aper­
tures. Cooling of the seed molecules in the jet was complete 
about 1.2 cm (xiD = 40) downstream from the nozzle as 
indicated by constant rotational bandwidths and hot band 
intensities at longer distances. The rotational and vibrational 
temperatures were difficult to determine accurately. Trot re­
quires a detailed knowledge of the rotational constants 
which are imprecise for this large molecule. Anthracene and 
A-(CH2b-q? cooled to similar rotational temperatures (as 
judged by the bandwidths) under 50 psi of He or Ne 
(Trot .;;3K) although Ne cooled better at lower backing pres­
sures. Vibrational temperatures were estimated for A­
(CH2b-q? by assuming a Boltzmann distribution for the 11 
cm -1 mode hot band intensities (this is not necessarily the 
overall vibrational temperature as different molecular vibra-

FIG. 1. Schematic of the nanosecond laser! 
pulsed jet apparatus. L-lens; F-filter; 
M-mirror; S-slit; BS-beam splitter; 
DBS-dichroic beam splitter; DW-diffus­
ing window; MC-monochromator; 
COMP-compensator; DMM-digital 
multimeter; PD-photodiode; PMT -pho­
tomultiplier tube. The configuration of the 
detection optics are illustrated for recording 
dispersed and excitation (total) fluorescence 
spectra. 
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tions may cool to different extents). Under 50 psi of He and 
Ne, respectively, we obtained for A-(CH2k-<p (11 cm- I 

mode), TVib = 8 and 6 K. A pressure of 50 psi N2, on the 
other hand, failed to cool the 11 cm -I mode of A-(CH2h--<p 
satisfactorily (Tvib ;:::20 K). In anthracene, 50 psi N2 proved 
to be an excellent vibrational cooler, but only a moderate 
rotational cooler as judged by the bandwidths. The vibra­
tional cooling in A-(CH2b-<p was comparatively better than 
in anthracene (except under N2) possibly due to the low fre­
quency vibrations. Ar was an efficient rotational and vibra­
tional cooler for both molecules, but readily formed clusters 
with both molecules even at backing pressures of only 10 psi. 

A digital temperature controller was used for heating 
the pulsed nozzle assembly via two 40 W cartridge heaters. 
The temperature was monitored by two chromel-alumel 
thermocouples, one located near the sample holder and the 
other near the heaters to detect any temperature gradients 
(typically less than a few··C). The stability of the temperature 
by this arrangement is better than 1 .c. Temperatures in ex­
cess of 200 ·C may be attained, however, we used 120-130·C 
for anthracene and 150-165·C for A-(CH2b-<p· 

The source of UV excitation in our experiments was a 
Y AG pumped dye laser which was frequency doubled with a 
KDP crystal. The UV was then compensated for the beam 
walk which results from crystal rotation. A computer (Rock­
well AIM 65) controlled feedback system (constructed in 
this laboratoryl4) maintains the optimum phase match angle 
of the KDP crystal as the laser wavelength is scanned. A 
dichroic beamsplitter is used to separate the visible (VIS) 
light from the UV light. The VIS portion is attenuated with a 
neutral density filter and used to trigger the boxcar integra­
tor via a fast photodiode. The UV is filtered (Schott UG 11) 
to remove residual VIS and steered towards the beam appa­
ratus. Two quartz plates are used as beamsplitters to divert a 
small portion (;::: 10%) of the UV for monitoring by the KDP 
phase match feedback system and by a lP28 photomulti­
plier. The output of the latter is fed into the B channel of a 
PAR 162!duaI164 boxcar and serves to normalize the flu­
orescence signal (A channel) for laser intensity variations re­
sulting from shot-to-shot fluctuations, wavelength depen­
dent dye output and long term drifts in power. To assure 
linearity of the 1P28, attenuating elements such as diffusing 
windows, a diverging lens and a pinhole were installed. The 
spectral response of the lP28 is flat over the UV range we 
employed and hence no corrections were made. 

The UV pulses enter and exit the beam apparatus 
through 8 in. long, 1 in. diameter cylindrical ports with 
Brewster angle quartz windows. No baffles were used since 
our gated detection method effectively eliminates detected 
stray room light. (We found that baffles, when not perfectly 
aligned, can introduce an appreciable amount of scattered 
laser light.) 

The fluorescence was collected by ani/liens mounted 
in the chamber and imaged into a light tight optics housing 
configured to either collect total fluorescence (excitation 
spectra) or dispersed fluorescence using a monochromator 
(wavelength resolved fluorescence spectra). These two ar­
rangements are diagrammed in Fig. 1. In both cases, two 
translatable lenses allow proper matching of the effectivel/ 

number of the combined three lens system to the monochro­
mator and to the PMT. The lens system and housing dimen­
sions offer several notable benefits. The lens system, for in­
stance, allows a variation of the imaged I/number without 
changing the image plane which is coincident with the mon­
ochromator entrance slit or the PMT surface depending on 
the housing configuration. L5 is a field lens which contains 
light collected by L4 which would otherwise be lost by diver­
gence in a two lens system. Finally, the lenses were chosen so 
that L6 acts as an aperture or "stop" in the excitation region 
of the jet so that light originating outside of a 5-10 mm diam­
eter collection area is not detected. This feature strongly dis­
criminates against scattered laser light. 

For excitation spectra, the imaged light was reflected by 
a mirror through a choice of filters and an adjustable slit 
before impinging on the PMT. The slit further reduces the 
fluorescence collection zone and was used only when the 
level of scattered light became pronounced. Anthracene flu­
orescence and anthracene-like fluorescence in A-(CH2h-<p 
were collected through Schott GG 395 and Corning 0-51 UV 
cutoff filters with a Corning 7-51 UV bandpass filter. The 
exciplex fluorescence from A-(CH2h-<p was collected 
through Schott GG455 and GG435 cutoff filters and a Corn­
ing 5-61 bandpass filter. These filter combinations effective­
ly isolated the two types of fluorescence from each other as 
well as minimized scattered laser light. 

For recording dispersed fluorescence spectra, the slit 
and filters were removed and the mirror simply relocated as 
indicated in Fig. 1. Ani /8 Jarrell-Ash 0.5 m monochroma­
tor was used with slit resolution down to 0.5 A. 

The output of the EMI 6256B PMT was fed into the 
boxcar integrator by way of a preamp (required only for dis­
persed fluorescence spectra). As remarked earlier, the flu­
orescence signal was normalized to the laser pulse intensity 
via the A /B ratio mode of the gated integrator. An oscillo­
scope and digital multimeter were used to monitor the A and 
B boxcar inputs and the integrated A / B output, respectively. 
The latter signal in turn was recorded on a strip chart record­
er for excitation and dispersed fluorescence spectra and on 
an x-y recorder for time-resolved spectra. Special care was 
taken to insure that the PMT outputs were linear with inci­
dent photon flux and that the molecular transitions were not 
saturated by excessive laser power. 

B. Picosecond laser-continuous supersonic Jet 
apparatus 

The picosecond/continuous jet apparatus has been de­
scribed previously, 1-4 hence, we present only a brief account 
of the system here. The continuous jet apparatus is equipped 
with a 12 in. ring jet diffusion pump capable of maintaining 
10-4 Torr ambient pressure during normal operation. The 
jet is excited with a picosecond dye laser, synchronously 
pumped by a mode-locked argon ion laser. The dye pulses 
were cavity dumped (repetition rate variable from 0.8 to 4 
MHz) and frequency doubled with LiI03 to give UV pulses 
with temporal and frequency pulse widths of ;::: 15 ps and 
;:::0.4 A, respectively. 

Fluorescence was collected with right angle geometry 
and 1/1 optics and was focussed onto the slit of a 0.5 m 
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monochromator. Single photons were detected with a fast 
photomultiplier (PMT). For frequency dispersed fluores­
cence spectra, PMT pulses were counted by a multichannel 
analyzer (MCA) operated in multichannel scalar (MCS) 
mode. Fluorescence decays were measured using time-cor­
related single photon counting. This technique relies on con­
verting the time that a photon is emitted after laser excitation 
to a voltage signal via a time-to-amplitude (T AC) converter. 
Time-gated dispersed fluorescence spectra were obtained by 
using the MCA in MCS mode to count output pulses from 
the T AC as the monochromator was scanned. By setting 
upper and lower discriminator levels on the MCA, only 
T AC pulses having amplitudes within a given range were 
counted. Since the amplitude of such pulses directly corre­
sponds to an elapsed time between laser excitation and pho­
ton detection, this amplitude gating is equivalent to time 
gating. 

The compound A-(CH2h--<p was heated to :::::200'C 
and expanded through alSO !-lm pinhole. All expansions in 
the continuous jet were backed by 30 psi He unless otherwise 
noted. Excitation of the jet cooled molecules by the picose­
cond pulses occurred typically 4 mm from the nozzle. No 
change in the fluorescence decay times was observed at long­
er distances indicating that collision-free conditions had 
been attained. 

C. Treatment of data 

The picosecond decay curves were treated using an iter­
ative nonlinear least squares algorithm. The temporal re­
sponse function of the system was obtained by recording the 
response of the laser pulse. The quality of the fits was uni­
formly excellent as judged by the reduced X 2 values and the 
weighted residuals which display the point-by-point devi­
ation of the experimental curve from the fitted curve.2 

The nanosecond time-resolved spectra were corrected 
for baseline effects by subtracting a null spectrum recorded 
with the pulsed nozzle turned off. The corrected decay 
curves were then plotted logarithmically to extract the ob­
served decay times. The system response time of 30 ns was 
much shorter than the measured decay times, hence no de­
convolution was necessary. 

The dye laser and monochromator wavelength scales 
were calibrated against the known Ne lines from a Fe-Ne 
discharge lamp. The laser calibration relied on optogalvanic 
detection in which a voltage change is induced at the lamp 
anode when the laser becomes resonant with certain Ne tran­
sitions. An accuracy of better than 0.1 A « I cm - I) was 
obtained by this method, thus allowing the assignments of all 
lines in the excitation spectra to better than 2 cm - I. The 
monochromator was calibrated to about 0.5 A by recording 
the dispersed fluorescence spectrum of the Fe-Ne lamp. The 
assignments of the dispersed fluorescence lines of A-(CH2h­
cp, however, were limited by the monochromator slit resolu­
tion to about 5-10 cm- I

• No vacuum corrections were ap­
plied to assigned frequencies in excitation or fluorescence 
spectra. 

The relative quantum yield data were obtained by tak­
ing the ratios of the integrated fluorescence signals for exci­
plex and anthracene-like emission. The integration was ac-

complished by weighing cutouts ofthe appropriate signals in 
the dispersed fluorescence spectra. Since the exciplex and 
anthracene-like emission are well separated in wavelength, 
problems associated with overlap were minimal. The com­
bined monochromator and PMT spectral response was de­
termined by recording the response of a calibrated 1000 W 
tungsten lamp. The observed response curve, in tum, was 
used to correct the intensities of all dispersed fluorescence 
spectra employed in the relative quantum yield determina­
tions. The actual spectral response correction was minor. 

The solution phase samples used to record fluorescence 
spectra were excited with a Hg lamp emitting at 3670 A. The 
observed spectra (Fig. 14) are displayed without correction 
for the spectral response of the system, however, all analyses 
based on these spectra have incorporated the necessary cor­
rections. 

D. Materials 

Scintillation grade anthracene was recrystallized twice 
from CCI4 • The purity, as checked by gas chromotography 
(gc), was 99.5%. The 9-methylanthracene (Alfa, 99%) was 
found to be 97.5% pure by gc and used as is. The 9-hexy­
lanthracene was obtained from the University of Bordeaux, 
courtesy of the organic chemistry group. The purity follow­
ing recrystallization in CCl4 was 95% (the major impurity 
was anthracene; 4.5%). 

The compound 1-(9-anthryl)-3-(4-N,N-dimethylani­
line) propane (i.e., A-(CH2h--<p) was prepared by a new syn­
thetic route. The only other reported synthesis of A-(CH2h­
q?12Ia) gives low yield and side products. Due to the large 
consumption of material in continuous jets (::::: 100 mg per 
day depending on temperature), we developed an efficient 
synthetic scheme described in the Appendix. The identity of 
the compound A-(CH2h--<p was confirmed by NMR, IR, 
UV-VIS absorption and emission spectroscopy, elemental 
analysis, and melting point determination. The purity fol­
lowing two recrystallizations in ethanol was 99% by gc. 

Solution phase samples of A-(CH2h--<p were prepared 
by repeated (at least five) freeze-pump-thaw cycles to re­
move oxygen and other fluorescence quenchers. Spectral 
quality solvents were used in all cases. 

III. RESULTS AND ANALYSIS 

A Jet-cooled excitation spectra 

Our interest in A-(CH2h--<p focuses on how single vi­
bronie level (SVL) excitation in one part of a molecule fol­
lowed by IVR can lead to molecular changes in another part 
of the molecule. To address this issue, we have undertaken a 
detailed analysis of the important vibrations (particularly 
the SVL's being excited) of the model molecule and com­
pared with other anthracene derivatives. This pursuit en­
tailed recording and analyzing the jet-cooled excitation spec­
tra for 9-methylanthracene, 9-hexylanthracene, and A­
(CH2h--<p and relating them to the anthracene spectrum. 

1. Symmetry aSSignments 

The excitation spectra of A-(CH2h--<p and anthracene 
are displayed in Figs. 2 and 3, respectively, and their as-
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I I I 

3300 3350 3400 3450 3500 3550 3600 
Wavelength (A) 

signed frequencies and symmetries in Table I. The excitation 
spectra of 9-methyl and 9-hexylanthracene are similar to 
that of anthracene and are illustrated in Fig. 4. In D2h point 
group, the B2u+-A, electronic transition in anthracene is 
short axis (y axis) polarized (see Lambert, et al. ls and refer­
ences therein for details). In the Born-Oppenheimer and 
Condon approximations, only totally symmetric a, vibra­
tions are allowed because ofFranck-Condon and symmetry 
considerations. A small vibronic interaction (Herzberg­
Teller) involving B2u with the higher excited electronic state 
B3u however, introduces some bl , activity into the anthra­
cene spectrum. IS,16 

In subsequent text, we shall be referring to the transi­
tion from the zero point energies of the ground and first 
excited electronic states as the 0,0 or og transition. Reference 
to the zero point vibrational level of the excited electronic 
state will often be denoted as 0·. The og transition wave­
lengths for A-(CH2h--qJ and related compounds are given in 
Figs. 2-4 and summarized in Table III. 

2. The 11 cm- 1 mode 

One of the interesting features in the A-(CH2h--qJ exci­
tation spectra is the presence of an 11 cm -\ interval (Fig. 5). 
One would expect low frequency modes in this molecule as a 
result of torsional and bending motions in the propyl chain. 
It is perhaps surprising, however, that this and only this 
chain mode has such strong optical activity. A low frequency 

1380 
1420

1409 

(3747.7A) 0,0 

Ade! > 4300A 

FIG. 2. Excitation spectrum of A--(CH2h-q> 
under two different fluorescence detection 
conditions: Ad .. < 4000 A monitors only lo­
cally excited anthryl-type fluorescence, 
whereas Adet > 4300 A detects only exciplex 
fluorescence. The 1400 em-I region is en­
larged showing the tentative assignments of 
these modes and the strong 11 em - I combi­
nations. Sample temperature and backing 
pressure were 160'C and 50 psi Ne, respec­
tively. 

r:f' Ade!< 40~A 

785 
392 

3650 

interval of 12 cm -I is also observed in 9-hexylanthracene 
although the relative intensities are different. Interestingly, 
low frequency chain modes are not evident in the jet-cooled 
excitation spectra of hexylbenzene. 17 

One plausible suggestion for this low frequency vibra­
tion is a "crankshaft" type motion l8 whereby the aromatic 
end groups remain relatively fixed due to inertia and the 
elongated chain undergoes a symmetric back-and-forth 
twisting motion. Such motion is best visualized with molecu­
lar models and is expected to occur in chain molecules with 
heavy end groups.18.19 Other three bond motions20 which 
also leave the end groups stationary may be postulated al­
though they are not symmetric with respect to the anthra­
cene group. These types of motions are not unlike the ring 
flip which occurs in cyclohexane. 

Another possible assignment for the 11 cm -I mode is 
that of a torsion of the anthryl group about the chain sub­
stituent. We examine whether our measured frequency is 
consistent with that predicted for the anthryl torsion by re­
sorting to a simple model outlined in Sec. IV C 1. The poten­
tial associated with internal rotation for symmetric harmon­
ic motion may be expressed as 

VIa) = ~VN(I- cos Na), (1) 

where V N is the barrier height between minima and N is the 
number ofminima.21-23 For our purpose we assume a sym­
metric twofold (i.e., N = 2) potential arising from the rota-

(3610.7Al 0,0 

J![~ 
~iN' 

..--. , , I 

/ 
/ 

/ 385 5 em-I 

FIG. 3. Excitation spectrum of anthracene. 
The rotational bandshape of the 0,0 is illus­
trated under two different cooling condi­
tions. Sample temperature was 130'C and 
backing pressure 50 psi N2• 
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TABLE I. Assignment of the excitation spectra of A-(CH2)3"f and anthracene. 

A-(CH2h"f Anthracene 

Frequency" Relative AssignmentC Frequency' Relative Assignment 
(em-') intensityb (em-I) intensity and symmetryd 

0 100 origin 0 100 origin 

It.! 50 
21.7 19 2Xll 
32.2 4 3XII 
42 I 4Xll 
52 6 
63 2 52 + II 
69 3 
85 4 
96 3 85 + II 

189 2 
199 189 + 11 
209 189 + 2Xl1 

232 3 b,g 

392 15 385 31 ag 

401 8 392 + 11 
403 3 

473 2 big 

541 5 
583 2 ag 

755 4 ag 

785 2 2X392 766 8 2X385 

796 2X392 + 11 
889 2 bIg 

1019 2 ag 

1159 1168 5 ag 

1170 1159 + 11 
1181 1159 + 2X II 
1191 1159 + 3X II 

1184 big 

1210 1159 + 52 
1380 1380 12 a g 

1391 1380 + 11 
1393 1389 2 

1402 1380 + 2X 11 
1405 1393 + 11 
1416 1393 + 2X 11 
1426 1393+3Xl1 

1409 7 bIg 

1420 7 ag 

1472 
1483 1472+ II 
1494 1472+2Xll 
1499 1501 10 ag 

1510 1499 + II 
1520 1499 + 2XII 

1514 6 bIg 

1548 1159 + 392 1550 2 1168+385 

1559 1159 + 392 + 11 
1571 1159 + 392 + 2X 11 
1578 
1581 1159 + 392 + 3 X II 
1590 1578 + 11 
1599 1578 + 2X 11 
1609 1578 + 3X 11 
1688 1635 2 big? 

1772 1380 + 392 1767 2 1380 + 385 

1781 1380 + 392 + II 
1789 1380 + 392 + 2X 11 

1792 3 1409 + 385 
1801 2 1420 + 385 
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TABLE I (continued) • 

Frequency" 
(cm- I ) 

2090 
2186 
2555 
2779 
2869 
2948 

3071 

Relative 
intensityb 

AssignmentC 

1380 + 2X392 + nX 11 
1380+ 11591 +nXll 
2x 1380 + nX \l 
1499 + 1380 + nX \l 
1380 + 1159 + 392 + nX 11 

and 1578 + 1380 + n Xli 
2X 1380 + 392 + nX 11 

Frequency" 
(cm-I) 

• Frequencies are reported relative to the og to an accuracy of 2 cm - I. 

Anthracene 

Relative Assignment 
intensity and symmetryd 

b Relative intensities are not reported for frequencies of 1159 cm - I and greater since fluorescence is predomin­
antly emitted from the exciplex state and detected with a different set of filters. Hence, the detected intensities 
do not bear a simple relationship to the og fluorescence intensity. 

c Symmetries offundamentals may be associated with those reported for anthracene for D 2h geometry. Combi­
nation bands involving an unresolved 11 cm - I progression are designated by n X II. 

d Symmetry assignments are from Ref. 15. 

tion of the chain through the plane of the anthryl group. One 
obtains for the torsional frequency21 

vT=N , ~ VNB,B, 
B 

(2) 

where BI and B2 are the rotational constants corresponding 
to the moments of inertia II and 12 of the two parts of the 
molecule about the torsional axis and B is the rotational con­
stant for the sum of the moments II + 12, We associate BI 
with the anthryl group and obtain a value of 1.51 X 10-2 

cm - I for rotation about the short axis. The value of B2 for 

9 -Methylanthracene 

9 - Hexylanthracene 

(b) 

3500 3550 3600 3650 

Wavelength (A) 

0,0 
13712,OA) 

387 

3700 3750 

FIG. 4. Excitation spectra of (a) 9-Methylanthracene; 50 psi He, 140 'C and 
(b) 9-Hexylanthracene; 50 psi Ne, 160 'C. 

the remaining segment of A-(CH2h-tp is far more tedious to 
determine, particularly since it is dependent on the confor­
mation of the molecule. Using molecular models we evaluat­
ed B2 for two stable conformers of A-(CH2h-tp (see Fig. 17) 
and obtained values ofO.62X 10-2 (for ttl and 0.76X 10-2 

cm - I (for g ± t ). 
An estimate of the barrier height for the anthryl inter­

nal rotation can now be made if we assume for the moment 
that the 11 cm -I mode corresponds to this torsion. In this 
manner, we obtain the reasonable potentials of V2 = 1430 (tt ) 
and 1330 cm -I (g ± t). More exact calculations including 
anharmonicities and higher order components on the poten­
tial surface23 would lower these values somewhat [cf. Eqs. 
(17) and (18)]. Although methyl rotation in toluene has a 
barrier of only 5 cm -1,24 the presence of an alkyl group in 
place of a hydrogen raises the barrier significantly. For in­
stance, estimates on the Ph-C barrier in ethylbenzene range 
from about 400 to 600 cm -I. 25.26 For longer chains interact­
ing with larger aromatics (e.g., anthryl instead of phenyl), the 
barrier is expected to be even larger, in support of our calcu­
lations. Other evidence favoring the assignment of the 11 
cm - I mode to the anthryl torsion is found in the observed 
low frequency intervals of 12 cm- I in 9-hexylanthracene 
[Fig. 4(b)] and 12 and 16 cm- I in bianthrylY By similarly 
assuming a twofold potential of V2 = 1400 cm- I for these 
compounds (probably not a good assumption for bianthryl), 
one calculates for the anthryl torsion, frequencies of 17 and 
15 cm- I

, respectively. 
An optically active mode extending throughout the 

chain has important implications regarding exciplex forma­
tion since it can act as a direct channel for funneling initially 
excited vibrational energy into the chain, thus promoting 
exciplex formation. We investigated this possibility by mea­
suring the rate of exciplex formation for the 1159 mode and 
its 11 cm -I progression [Fig. 5(c)] on the premise that the 
rate might be dependent on the number of 11 cm - I quanta 
excited. We observed only a slight change in lifetimes (4.4, 
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1210 
r---r--"1 

1181 

o,e: 50 psi Ne 

b:50 psi N2 

1159 

1170 

(e) 

4.3, 4.2, and 4.2 ns, respectively, for bands 1159 + n X 11 
cm - I, where n = 0-3) most likely attributable to excess en­
ergy rather than mode specificity. 

3. Ground state conformations and exciplex spectra 

Solution phase investigations of A-(CH2h-qP and oth­
er exciplex forming molecules28 indicate that more than one 
ground state conformer may be present with very different 
propensities for forming exciplexes. It has been known for 
some time that chain molecules can exist in a number of 
different conformations. An example for the existence of dif­
ferent conformers of chain molecules with an aromatic sub­
stituent is found in the work of Smalley on jet-cooled alkyl­
benzenes. 17 For substituents of propyl length and longer, the 
excitation spectra show a doubling of lines with a displace­
ment ranging from about 50 to 70 cm - I. We failed to observe 
any obvious doubling pattern in the excitation spectra of 9-
hexylanthracene and A-(CH2h--<p as far as 300 cm -I to low­
er energy of the og bands. There are, however, some indica­
tion for a weak second conformer in jet-cooled A-(CH2h--<p. 
We have observed weak features 52 cm- I to the blue ofthe 
major excitation lines. One cannot rule out the possibility 
that these lines represent a 52 cm - I fundamental that forms 
strong combinations with other modes, however, their time 
dependence (discussed in Sec. III D) is consistent with that 
of another conformer. 

It is possible that a thermal distribution of conformers 
will not be observed in the jet-cooled molecules if the distri­
bution equilibrates during the course of the expansion (i.e., 
thermodynamic cooling). If on the other hand, cooling is 
sufficiently rapid (i.e., kinetic cooling), the jet expansion will 
freeze in a distribution of conformers corresponding to a 
higher temperature than that of the jet. For the moment, we 
assume the latter case and attribute the relative intensities of 
the 52 cm -I and the og band to the ratio of conformers at the 

0-0 

11.1 

21.7 
(a) 

FIG. 5. High resolution excitation spectra 
of the II cm -, progression in A-(CH2h"""9'; 
(a) 0,0 region (50 psi Ne), (b) 0,0 region (50 psi 
N 2) and (c) 1200cm-' region (50 psi Ne). We 
make note of the 52 cm -, band. 

preexpansion temperature of 433 K. According to a Boltz­
mann distribution, this would correspond to an endothermi­
city for the unfavored conformer of nearly 800 cm -I. If 
some thermodynamic cooling occurs, then the ratio of con­
formers would be associated with a lower temperature and 
be consistent with a smaller endothermicity. 

Finally, we remark on the effects of exciplex formation 
on the excitation spectra of A-(CH2h--<p displayed in Fig. 2. 
The fluorescence from the exciplex (Fig. 7) is shifted consid­
erably from that of the anthracene moiety. We, therefore 
recorded the excitation spectra of A-(CH2h--<p by collecting 
exclusively either exciplex (Adel > 4300 A) or anthracene-like 
fluorescence (A del < 4000 A) by the procedure outlined in 
Sec. II B. One clearly sees a crossing region at about 1000 
cm -I from the 0,0 where the anthracene-like fluorescence 
falls off sharply and the exciplex fluorescence builds up. In 
the region below 2000 cm -I, the lines in excitation are still 
relatively sharp, however, this structure disappears at higher 
energies. We observed a similar effect in the excitation spec­
trum of jet-cooled t-stilbene6 and diphenylbutadiene7 where 
the measured decays of the diffuse liness indeed showed ac­
celerated rates as a function of excess excitation energy due 
to isomerization. 

B. Jet cooled fluorescence spectra 

The assignment of the dispersed fluorescence spectrum 
of A-(CH2h--<p in Fig. 6 clearly shows a close correspon­
dence to that of anthracene (Table II). The frequencies mea­
sured for the fundamentals in A-(CH2h--<p typically agree 
(within the experimental uncertainty of ~5 - 10 cm- I

) of 
their counterparts in anthracene. The symmetries attributed 
to the anthracene modes in Table II are discussed in a pre­
vious paper. 15 

There are a few low frequency modes that appear in the 
dispersed fluorescence spectrum of A-(CH2h--<p that are ab­
sent in anthracene. The only one of these that may be posi-
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4600 4400 4200 4000 3800 3600 
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FIG. 6. Dispersed fluorescence spectrum of A-(CH2h--1' following 0,0 exci­
tation; (a) 2.0 A monochromator resolution, (b) High resolution scan of the 
0,0 region with 0.5 A monochromator resolution. Expansion conditions 
were 50 psi Ne and 16O'C sample temperature. 

tively attributed to the chain is the 11 cm -I vibration whose 
00 level dispersed fluorescence progression [Fig. 6(b)] is vir­
tually a mirror image of the 11 cm - I progression observed in 
excitation (Fig. 5). A band at 77 cm -I may also be due to a 
chain vibration. (A 77 cm -I mode has been reported in the 
fluorescence spectrum of anthracene vapor,29 however, this 

band is absent in our jet-cooled spectra 15 suggesting that it 
results from excitation of a sequence or hot band.) The 77 
cm -I ground state mode in A-(CH2h--<p may correspond to 
the 69 or 85 cm - I vibrations in the excited electronic state 
(Table I). It is likely that these modes are due to chain motion 
on the basis of their absence in anthracene and in compari­
son with the lowest observed frequencies in the related 1,3-
dihalopropanes, namely 82 cm- I (1,3-diiodopropane) and 
105 cm- I (1,3-dibromopropane).30 

The assignment of the weak 189 and 317 cm -I bands in 
the dispersed fluorescence spectrum of A-(CH2h--<p is un­
certain. Bree31 has observed ground state vibrations in anth­
racene of 179 (weak in dispersed fluorescence) and 166 cm - 1 

(very strong in IR), the latter which he assigns as b lu (in the 
axis system defined in Ref. 15). A very weak progression of 
189, 199, and 209 cm- I is observed in the excitation spec­
trum of A-(CH2h--<p which again has no obvious correspon­
dence with anthracene excited state vibrations. The 317 
cm - I transition, likewise, has no obvious correspondence in 
anthracene nor in the excited state of A-(CH2h--<p, Since the 
189 and 317 cm - I modes have close counterparts in the 1,3-
dihalopropanes, these modes could be assigned to chain vi­
brations. 

The close similarity of the excitation and dispersed flu­
orescence spectra of A-(CH2h--<p with that of anthracene 

TABLE II. Assignment of the dispersed-fluorescence spectra of A-(CH2b--1' and anthracene. 

A-(CH2b--1' Anthraceneb 

Frequency' Relative Frequency Relative Assignment 
(cm- I ) intensity Assignment" (cm- I ) intensity and symmetry 

0 loot origin 0 100 origin 
11 48 
21 17 
31 4 
77 5 

166? 
189 5 179? 
317 4 
386 29 390 45 ag 

593 1 
698 2 386 + 317 
774 4 778 7 2X390 

1008 2 1012 2 a. 
1167 9 1165 22 a. 
1254 15 1263 22 a. 
1344 8 1167 + 189 
1407 40 1408 59 a. 
1565 28 1566 31 ag 

1633 10 1643 20 b l • 

1739 4 1344 + 386 
1806 10 1797 16 1408 + 390 
1950 7 1565 + 386 
2588 3 
2668 4 
2739 2 
2827 10 
2979 8 
3178 3 

• Frequencies are reported relative to the 0:: to an accuracy of 5-10 cm - I. 

b Observed frequencies and intensities are from Ref. 15 and are reported to an accuracy of 5 cm - I. 

C Symmetries of fundamentals may be associated with the D 2. designations of anthracene. 
d This value encompasses about 20% scattered laser light. 
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indicates that the bulky propyl-aniline group attached at the 25 ~-r--'---'----'---'----r---' 

9-position of anthracene does not perturb the planar geome­
try of the anthryl group significantly in either the ground or 
the first excited electronic state. This observation also indi­
cates that vibronic excitation in A-(CH2h-<p is localized in 
the anthracene moiety. 

C. Energy dependence of the spectra and quantum 
yields 

The dispersed fluorescence spectra of A-(CHzh-<p in 
Fig. 7 allow one to qualitatively examine the extent of intra­
molecular vibrational redistribution (IVR) and exciplex for­
mation as a function of excess vibrational energy above the 
00 level. IVR plays a vital role in the conformational change 
that must occur in A-(CH2h-<p to form the exciplex. In the 
absence ofIVR to the propyl group following SVL excitation 
in the anthryl group, no conformational change in the jet­
cooled molecule can occur. The discrete level structure at 
relatively low energy gives way to a quasicontinuum of states 
at high energy which may facilitate rapid redistribution of 
initially exoited vibrations into other modes of the molecule 
(and hence is likened to randomization of energy within a 
thermal bath4(b).32). 

Figure 7 clearly shows a distinct broadening of the dis­
persed fluorescence spectrum at increasing energies. This 
broadening actually starts at lower excess energies which are 
not shown. In contrast, broadening in the dispersed fluores­
cence spectra of anthracene occurs at relatively higher ener­
gies. 1 This difference is attributable to the 11 cm - 1 and other 
chain modes of A-(CH2h-<p which provide a quasicontin­
uum of bath states at much lower excess energies than in 
anthracene where similar low frequency modes do not exist. 
Moreover, the 11 cm -1 mode is coupled to the anthracene 
ring modes as evidenced by the long 11 cm - 1 progression 
observed in the excitation spectra (Fig. 2). Hence, IVR from 
the anthracene ring modes to the chain modes should be very 
efficient. In Sec. IV C we discuss the ramifications of the 11 
cm - 1 mode by focussing on its involvement with the reac­
tion coordinate through coupling with other chain modes. 

The energy dependent dispersed fluorescence spectra 
(Fig. 7) show in a straightforward manner the extent to 
which exciplex formation increases with increasing excita­
tion energy. This dependence is represented by the relative 
quantum yields for exciplex and anthryl-type fluoresence 

5600 5200 4800 4400 
Wavelength (II) 

4000 

FIG. 7. Dispersed fluorescence spectra of A-{CH2h-if' recorded for differ­
ent excitation energies. Monochromator resolution was 3 A. Expansion 
conditions were 50 psi Ne and 160·C sample temperature. 
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FIG. 8. The ratio of quantum yields 4JE /4JA for exciplex (E) and anthryl­

type (A) fluorescence. The raw data (0) have been corrected (e) for the spec­
tral response of the monochromator and PMT. The points are estimated to 
have about a 10% uncertainty. The curve through the points has been added 
for clarity. 

which we display in Fig. 8. Since the rate of exciplex forma­
tion competes with the radiative decay from the anthracene 
moiety of A-(CH2b-<p, these data provide us with important 
kinetic information regarding exciplex dymamics. We dis­
cuss the relative quantum yield determinations in the con­
text of a kinetic model in Sec. IV B, as well as their agree­
ment with the direct time-resolved fluorescence 
measurements which we describe next. 

D. Time-resolved spectra: Decay rates and gated 
spectra 

The fluorescence from the locally excited and exciplex 
states of A-(CH2h-<p were measured in time to determine 
the decay characteristics as a function of excess vibrational 
energy Ex. The rapid formation of the exciplex state was 
measured with our picosecond laser/continuous jet appara­
tus and the results are displayed in Fig. 9. Both the decay 
time of the locally excited anthryl state and the rise time of 
the exciplex state were measured and found to be the same, 
indicating that no metastable intermediates are involved in 
the reaction process. This behavior is illustrated in Fig. 10 
where we present examples showing the direct correspon­
dence of the locally excited state decay and the exciplex 
buildup over the entire range of excess energies studied. 

The results in Fig. 9 show that a distinct threshold for 
reaction (exciplex formation) occurs at Ex ::::: 900 cm -1 (::::: 2.6 
kcal/mol). At lower energies, we measured a O' level lifetime 
of 20 + I ns which is very similar to the value of 21.5 ns 
measu-;-ed in anthracene. 1 The 11 cm -1 progression, how­
ever, gave relatively constant lifetimes of 14 ± 1 ns. The life­
times decreased further to 10 ns for 392 cm -1 excitation and 
remained flat up to the threshold for reaction at Ex:::::900 
cm -I. Over this region, IVR is already very efficient (Sec. 
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FIG. 9. Observed rates of locally excited anthryl-type fluorescence decay 
and exciplex fluorescence build-up as a function of excess excitation energy. 

III C), hence the nonradiative decay occurs from the bath 
states. Even so, the nonradiative rate is rather slow «5 X 107 

S-1 assuming the (f to be a radiative lifetime) compared to 
the sharp increase in the rate due to product formation above 
the threshold. Similar threshold behavior has been observed 
in the picosecond time-resolved studies of jet-cooled I-stll­
bene,S,6 diphenylbutadiene,7 methylsalicylate,33 and hydro­
gen bonded complexes.34 

The time-resolved spectra of anthracene-like fluores­
cence exhibited clean single exponential decays. Our expo­
nential fitting program typically gave X 2 values between 0.90 
and 1.10 and standard deviations of 2-3% (Sec. II C). Some 
fitted curves to experimental data are displayed in Fig. 10. 

We did observe an interesting example of a nonexponential 
decay for a very weak excitation line at Ex = 1210 em-I. 
The best exponential fit for this decay gave an anomalously 
slow rate as evidenced by the deviant point in Fig. 9. The Ex 
= 1210 cm- I line is associated with a corresponding line 

displaced 52 cm -I from the 0,0 (Fig. 5). For reasons dis­
cussed in Sec. III A 3 this line is a possible candidate for a 
second conformer of A-(CH2b-9? which for geometric rea­
sons is less able to rearrange to the exciplex state. We have 
located the 1380 + 52 cm -I band and found that the decay 
of this line is also nonexponential. Unfortunately, this line is 
extremely weak and is in a region of spectral congestion and 
broad background fluorescence (see Fig. 2). 

It is evident from Fig. 10 that the exciplex is a long-lived 
state. We have measured the fluorescence lifetimes of the 
exciplex with our nanosecond laser/pulsed jet system. The 
results as a function of excess energy are shown in Fig. 11. As 
expected, the exciplex lifetime is considerably longer in the 
vapor phase than in solution, although at higher excess ener­
gies, it begins to approach solution phase lifetimes (126 ns in 
isopentane at 20 ·CI3(b)). 

In Fig. 12, we compare the total dispersed fluorescence 
spectra of A-(CH2h-9? at Ex :::: 2800 cm -I excitation to that 
of a gated spectrum where only fluorescence emitted within 
1.5 ns oflaser excitation was collected. At this excess energy, 
nearly total conversion to the exciplex state occurs (Figs. 7 
and 8), yet anthracene-like fluorescence dominates at early 
times. This testifies to the vastly different emission rates 
from the locally excited and exciplex states, in accord with 
our direct time-resolved measurements (Figs. 9 and 11). 

IV. DISCUSSION: PHOTOCHEMISTRY AND DYNAMICS 

The emphasis of this section follows two major direc­
tions; first, the relationship of the observed reaction rates 
and quantum yields to the dynamics of A-(CH2h-<f' chain 
motion, and second, the comparison of the photochemistry 
in the jet to that in solution to assess the role of the solvent on 
the dynamics. Picosecond studies in solutionl2,13.35 have ad­
dressed important questions regarding geometry constraints 
and solvent dependences. Vapor phase studies,36,37 including 
work attending to the time resolution of the fluorescence,37 
have also been reported. However, these experiments were 

FIG. 10. Observed time-resolved fluores­
M......,.,~~o--:J'--=~I------,I----, r-fI':'---+----i-----+--~-ff,- cence spectra for the decay of the initially 

5 excited anthryl-type state and the forma­
tion of the product exciplex state as a func­
tion of excess excitation energy. The 
curves through the points represent least 
squares convoluted fits of an exponential 
function and the system response func­
tion. 

Time 
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FIG. II. Measured exciplex fluorescence decay rates A2 as a function of 
initial excess energy in the anthryl moiety. Points represent an average of at 
least four determinations; the error bars denote the standard deviation. 
Zero energy is taken to be the 0,0 excitation energy of the locally excited 
anthryl state of A-(CH,h--<p. 

restricted to the longer time scale and were encumbered by 
thermal congestion. The picosecond-jet results reported 
here will enable us to focus more specifically on the processes 
that promote reaction. Before examining these points in de­
tail, we shall first highlight the electronic and thermody­
namic properties obtained from our jet studies. 

A. Electronic and thermodynamic properties 

1. Potential energy surface and stabilization energy 

We will follow well established steps in evaluating the 
thermodynamic and kinetic properties of the gas phase exci­
plex of A-(CHzh-q? Some of these relations are best visua-

/(0) £orly time (£."'2800 em-I) 

3600 4000 4400 4800 5200 5600 
o 

Wavelength (A) 

FIG. 12. Temporally gated dispersed fluorescence spectra of A-(CH2h--<p 
for excess excitation energy of 2800 cm - '. Spectra were recorded for emis­
sion occurring within (a) 1.5 ns and (b) Il"s after picosecond laser excitation. 
Monochromator resolution was 16 A. 

lized via the potential energy surface in Fig. 13. We have 
used the common definition of the reaction coordinate as a 
distance between the two chromophores?8-40 Clearly, many 
chain motions will have components along the reaction co­
ordinate which, in a sense, represents a slice through the 
potential energy hypersurface containing all vibrational 
components which contribute to r. In the coming sections we 
will explore in greater detail a model for the frequencies and 
pathways of the torsional trajectories along the potential sur­
face for A-(CH2h-q? 

In Fig. 13, the excited state surface for exciplex forma­
tion may be envisioned as a sum of an attractive interaction 
due to the charge transfer (CT) interaction (denoted by the 
basis state, ,p(A - q; +) and a repulsive interaction due to the 
usual steric and orbital overlap restrictions [inherent in basis 
state tf(A *q; )].41 The basis states will cross and mix to give 
approximately the excited state reactive surface illustrated 
in Fig. 13. 

The activation energy of 900 cm -I was obtained from 
our observed energy threshold for exciplex formation (Fig. 
9). The energy of the excited electronic state in the extended 
conformation (r::::: 5-6A.) corresponds to the locally excited 
anthryl-type state. ,p(A *q; ). and hence is equivalent to the 
observed 0° level excitation energy Voo' In so far as the repul­
sive interactions in the ground (E R) and excited state (E R' ) 

are the same, which is usually taken to be true, then the 
energy of stabilization 11H may be expressed as38-40 

- 11H = h (voo - v!ax) - ER • (3) 

where v!u.x is the energy at the peak of the exciplex fluores­
cence. The repulsive energy ER of the exciplex form of A­
(CH2h-q? is not known in the vapor phase, however, a value 
for the intermolecular analog (i.e., anthracene + dimethyl-

E 

__ I/t(A-4>T) 

~'-~--,....-I/t (A· 4» 

lI~ox = 21980 1100 = 26681 

~ 
-----..L-I/t(A4» 

FIG. 13. Simplified potential energy diagram of the ground and excited 
states of A-(CH2h--<p as a function of the distance r between the two chro­
mophores. The attractive interaction is attributed to the pure electron trans­
fer state ¢'(A - <p +), and the repulsive interaction to the locally excited anth­
ryl state ¢'(A .<p). The potential surface for the true exciplex eigenstate 
represents a mixture of the two basis states. We assume that the repulsive 
interaction in ¢'(A .<p ) is qualitatively similar to that in the ground state 
¢'(A<p). All energies are expressed in wave numbers. 
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aniline) has been measured in hexane giving 4.4 kcallmo1. 11 

This value compares favorably to other exciplex systems in 
solution (e.g., 4.4 kcallmol for pyrene and dimethylaniline42) 
and hence we assume that it approximates the value of ERin 
vapor phase A-(CH2h-q? This assumption would hold if: (i) 
the intramolecular exciplex of A-(CH2h-q? can attain the 
same optimum geometry for stabilization as the correspond­
ing intermolecular exciplex; and (ii) the influence of a nonpo­
lar solvent does not appreciably alter the gas phase repulsive 
interaction. The first premise is attested to by examining 
molecular models. The second condition is less certain, how­
ever, one would not expect the 1T orbitals that give rise to the 
repulsion to be significantly perturbed by a nonpolar solvent. 
In any case the repulsive energy is not sufficiently large at the 
equilibrium distance (r eq = 3 Af9 for the uncertainty in esti­
mating E R to be sizable. By this approach then, one obtains 
for the exciplex energy of stabilization the value 
iJH = - 9.2 kcallmol. This value compares quite favorably 
with values obtained for corresponding intermolecular exci­
plexes in solution (e.g., - 12.1 kcallmol for anthracene-di­
methylanilinel1

; and - 8.5,43 - 10.2 kcallmol44 for anth­
racene-diethylaniline) . 

2. Nature of the excited exciplex state 

The exciplex electronic state wave function CfI is com­
monly represented39 by a linear combination of the locally 
excited anthryl-type state, t/1(A *qJ ), and the electron transfer 
state, t/1(A - qJ +), (the latter state being the extreme case of 
CT). 

(4) 

The energies of the basis states and the amount in which they 
mix are strongly dependent on the distance r as illustrated in 
Fig. 13. The other plausible electronic basis states t/1(AqJ ), 
t/1(AqJ*) and qJ(A + qJ -) are omitted since their energies are 
quite removed from CfI. The exciplex fluorescence maximum 
v!a~' exhibits a strong dependence on solvent polarity as 
shown in Fig. 14, which indicates that the exciplex state of 
A-(CH2h-q? is very dipolar. A dipole moment of 15 D has 
been measured previously for A-(CH2h-q? in solution. 10 By 
applying the same method of analysis to our solution phase 
(Fig. 14) and jet-cooled spectra, we obtain a similar value of 
13D. 

The measured dipole moment alone, however, is not 
sufficient to determine the coefficients in Eq. (4) unless the 
dipole moment of the pure t/1(A *qJ ) and t/1(A - qJ +) states are 
known. Furthermore, solvent polarity is expected to in­
crease the exciplex dipole moment by stabilizing the CT 
state. Hence, it is of interest to understand the extensiveness 
of CT in the isolated molecule where only intramolecular 
energetics prevail. This problem can be approached by relat­
ing the extent ofCT [i.e., C2 in Eq. (4)] to the transition dipole 
moments of CfI, t/1(A *qJ) and t/1(A - qJ +) to the ground state 
t/J(AqJ ). The transition dipole moment M in turn, may be de­
termined from the radiative rate constant k, (Table III) for 
spontaneous emission, which in a vacuum is given by 

k = 641T4~ IMI2 
, 3hc3 ' 

(5) 
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FIG. 14. Solution phOlse fluorescence spectra of A-(CH2b-<p (5 X 10-5 M, 
25 'C) in (a) n-hexane (10 = 1.89), (b) diethyl ether (10 = 4.34), (c) acetone 
(10 = 20.7) and (d) methanol (10 = 32.6). The excitation wavelength was 3670 
A from a Hg lamp. The monochromator resolution of 24 A did not contri­
bute to the observed bandwidths. 

where v, is the radiative emission frequency and the other 
terms have the usual meaning. Following Beens and 
Weller39 we express the radiative transition moment of the 
exciplex, ME by the expression 

ME = (WII-lIt/1(AqJ) =cIMI +c2M 2 
= c1(t/1(A *qJ )II-l I t/1(AqJ ) + c2(t/1(A -qJ +)II-lIt/1(AqJ ). (6) 

The transition moment M2 is approximately propor­
tional to the overlap of the acceptor and donor orbitals of A 

TABLE III. Kinetic, thermodynamic and optical properties of excited state 
A-(CH2b-<p and related compounds. 

Rate as a function of excess energy 
1200 cm- I 2800 cm- I 

r;' = 20 ± 1 ns' 
~ = 256 ± 10 ns· 
Voo = 26681 cm- I 

V! .. = 21980 cm- I 

lX108 S-I 

,IXI05 

,IXI08 

Wavelengths ofthe og transition 
A-(CH2h-<p 
9-Hexylanthracene 
9-Methylanthracene 
Anthracene 

lAX 109 s-I 

,1.4X106 

,3 X 108 

Eo = 900 cm- I 

A, = 1.2XIO'os-' 

~H = 3200 cm- I 

C2 = 0.93 

3747.7 A 
3730.3 
3712.0 
3610.7 

• The radiative lifetimes 'T, are associated with the 00 level fluorescence life­
times (Sec. IV B2). The quoted uncertainties apply to the fluorescence life­
time measurements and not to the estimated radiative lifetimes. 
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and cp, respectively,45.46 and hence falls off rapidly with in­
creasing distance r between the chromophores. Thus M2 is 
significantly smaller than the strongly allowed moment MI' 
For sufficiently large r the CT state corresponds to a pure 
electron transfer to form ground electronic state radical 
ions. This behavior is clearly observed in solution (Fig. 14) 
where the effect of increasing polarity is to further stabilize 
the CT state thus quenching the exciplex fluorescence lO

•
12

(b). 

Ifwe ignore Mz in Eq. (6), then we may express C I as 

Icll z = ( k: )(~)3, 
k r v!ax 

(7) 

where we have distinguished the radiative rate constant and 
emission frequency for the anthryl-type (A ) and exciplex (E) 
state. Any contribution due to M z will have the affect of 
lowering the value of CI determined by Eq. (7). We have also 
assumed in Eq. (7) that the radiative moments and the 
Franck-Condon factors for emission in tf;(A *cp) are not sig­
nificantlyaltered by the geometry change in A-(CHzb-({J. In 
the isolated molecule, we have estimated k 1 from the mea­
sured 00 level lifetime and consequently associate ~ with 
the og excitation frequency Voo (Table III). By inserting our 
measured radiative rate constants and emission frequencies 
(Table III) for the anthryl and excited states into Eq. (7), we 
obtain for the coefficients in the linear expansion of If/ [Eq. 
(4)], the valuescl = 0.37 and C2 = 0.93. The exciplex fluores­
cence frequency does not vary with excess energy suggesting 
that the extent of charge transfer is relatively invariant to the 
energy of the molecule, at least over the range of energies 
explored in this study. 

The CT character in the exciplex state of A-(CHzb-({J 
may also be estimated roughly from the observed and calcu­
lated static dipole moment. We employ a simple point dipole 
model with charge centered on each aromatic ring of A­
(CHzh-({J. For a planar separation of 3 A in the exciplex, we 
have estimated an average separation from the centers of the 
aniline ring and the three anthryl rings of 3. 7 A. This leads to 
a calculated dipole moment of 17.6 D for complete electron 
transfer [i.e., for tf;(A - cp +)] assuming a homogeneous charge 
distribution on anthracene. Our value of 13 D indicates that 
CT is extensive, giving the value Cz = 0.86, in good agree­
ment with our previous determination. 

B. Dynamics of product formation 

We shall first consider a simple kinetic scheme for ana­
lyzing the time resolved and relative quantum yield data. 
Justifications in applying it to an isolated molecular system 
will be discussed subsequently. 

1. The kinetic model 

We adopt the following scheme to describe the kinetics 
of A-(CHzh-({J excited to the first singlet electronic state: 

ke 

A·~E· 

l k_e I 
k~ .k~. 

A • and E * refer to the excited anthryl-type and exciplex 
states and ke and k _ e are the forward and backward rate 

constants for exciplex formation. Both states may also decay 
by radiative kr and nonradiative knr processes which we rep­
resent by the decay constants k ~ and k: (where 
kd = kr + knr ). The equations describing the popUlations 
N (t) of these excited states (assuming a 8-function excitation 
pulse) are 

~N 
dt A 

(8a) 

(8b) 

The solution assuming NE(O) = 0 has been reported before 
for many systems. 38 The time dependence in terms of flu­
orescence intensity is given by 

JA(t) = k1K Ie-A,! + me-A,! ]NA(O) (9a) 

JE(t) = k~ F!e- A
,! - e- A

,! ]NA(O), (9b) 

(lOa) 

(lOb) 

AI = k~ + ke' (lOc) 

A2=k:+k_eo (IOd) 

AI,2 =HfAI +Az)± [{AI-A z)z+4ke k_ e ]I/Z]. 
(lOe) 

We note that Ai and Ai are generally close in value and be­
come equivalent in the limit where k _ e = 0, a case we dis­
cuss shortly. 

The absolute quantum yield for fluorescence may be 
related to the rate constants in our kinetic model by integrat­
ing Eq. (9) over all time to give 

tPA = _1_ ("" JA(t)dt=k 1K[ A2+mA I ], (lIa) 
NA(O) Jo AIA2 

I Sa"" kE [AI-Az ] tPE = -- fe(t)dt = r F . 
NA(O) 0 AIAz 

(lIb) 

The experimental measurement of absolute quantum yields 
requires a count of the number of photons emitted relative to 
the number of molecules excited. This difficulty, however is 
avoided when determining relative quantum yields as shown 
by dividing Eqs. (lla) and (lIb) for anthryl-typeand exciplex 
fl uorescence, 

tPE foIE(t)dt k~ F [ Al -Az ] (12) 
tPA = foIA(t)dt = k1 K A2 + mAl . 

The ratio tPE/tPA can therefore be obtained experimentally 
by dividing the integrated fluorescence intensities of exciplex 
and anthryl-type fluorescence. This information, along with 
our time-resolved measurements, enables us to determine 
additional rate constants in our kinetic model. 

2. Application to experiments 

The time-resolved experiments reported here allow us 
to make the following rigorous assertions for all excess ener­
gies Ex studied: 
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Ii) 11,1>11,2' 

(ii) AI>k_ e, 

(iii)AI:::::AI' Az:::::A z· 

(13a) 

(13b) 

(13c) 

The first of these conditions is clearly supported by our mea­
sured decay rates for anthryl-type Al and exciplex emission 
..1.2 which are plotted in Figs. 9 and 11, respectively. The 
support for the second condition is not as obvious. The value 
min Eqs. (9a) and (lOb) may be used as a measure of the 
importance of k _ e. For instance, it may be shown using Eqs. 
(10) that m = 0 for k _ e = 0 and m = 1 for k _ e ::::: ke 
>k ~ ,k f Equation (9a) indicates that the anthracene-like 
fluorescence is biexponential, the relative intensity of the 
slow component given by m. It is evident in Fig. 10, however 
that all decay curves are fit excellently by a single-exponen­
tial function that decays to the baseline by A I and not to a 
long decay component Az of magnitude m. An upper limit 
for m is therefore estimated from the baseline uncertainty to 
be m<O.OI for all excess energies studied, thus indicating 
that k _ e is negligible. We will discuss a more precise esti­
mate of m shortly. Finally, the relations in condition (iii) 
follow from conditions (i) and (ii). The small value of m indi­
cates that ke>k -e and consequently AI>k_ e• A z. As a re­
sult, the first term in the square root ofEq. (We) dominates 
the second term, leading to the relations in condition (iii). 

Under the conditions in Eq. (13), we may rewrite Eq. 
(12) as . 

cPE = k~ke [ 1 ], m= AI-AI. (14a) 
cPA k~ Az + mAl Al 

In the limit where the back reaction k _ e is negligible [(i.e., 
m = 0)], Eq. (14a) reduces to 

cPE = k~ke _ 'YIk 
cPA k~kIJ -./ e· 

(14b) 

When 17 is a slowly varying function of excess energy then 
cPElcPA is proportional to ke • In this case, the time-resolved 
measurements (Fig. 9) and the relative quantum yield deter­
minations (Fig. 8) give parallel results. 

a. Radiative and non radiative decays. In A-(CHzh-<p, 
the 0° level fluorescence lifetime is 20 ns which is comparable 
to the value of 21.5 ns measured for the same level in jet­
cooled anthracene. I These values are very similar to the re-

25 

(0) T~:; 20ns x::O 

I/) 20 
:!2 
Q) 

';. 

E 15 

" C 
0 

" 0 
Q) 10 
> :g 
a; 
0:: 5 

0 o 

Excess Vibrational Energy (cm-I ) 

o 

ported radiative lifetimes of anthracene and derivatives in 
solution, for instance, anthracene (in ethanol), 20.5 ns38

; 9-
methyl anthracene, 18.3 ns47

; 9-phenyl anthracene, 16.0 
ns48

; and 9.1O-di-n-propyl anthracene, 14.7 ns49
, in various 

solvents. The exciplex naturally does not form following 0° 
excitation, however, we may obtain an estimate of the radia­
tive lifetime by extrapolating measured fluorescence decay 
times at higher energies to the 0° level of the anthryl-type 
state. In this manner we obtain a value of256 ns (cf. Fig. 11). 
It is worthwhile to comment on the consistency of the esti­
mated radiative lifetimes and the effect of nonradiative de­
cay (by means other than reaction) by relating the time-re­
solved data to the relative quantum yield results according to 
Eqs. (14). 

In Fig. 15(a), the observed values of cPElcPA as a func­
tion of Ex are compared to calculated curves based on Eq. 
(14) and the measured decay rates A I and Az for various val­
ues of k1. The calculated curves assume that: (i) back reac­
tion to the locally excited state is negligible (i.e., k _ e = 0); 
and (ii) the nonradiative decay rate is given by A I - k ~ below 
the energy threshold Ea for exciplex formation and does not 
increase above Ea. Shortly, we will examine the extent of 
back reaction (k _ e) and nonradiative decay (knr ) in more 
detail. 

In spite of the above assumptions, a good fit to the ob­
served relative quantum yield data is obtained in Fig. l5(a) 
for the radiative lifetimes r; = 20 ns and r, = 256 ns of the 
locally excited and exciplex states, respectively. The small 
discrepancy between the observed points and the r; = 20 ns 
curve may be accounted for if nonradiative decay competes 
with exciplex formation /k:c vs ke ), if exciplex back reaction 
competes with exciplex fluorescence (k _ e vs Az) or if the 
actual radiative lifetime of the exciplex is greater than 256 
ns. Since the sum of these effects need not shift the curve in 
Fig. 15(a) substantially to obtain excellent agreement, it is 
not likely that anyone effect is very significant (although we 
specifically investigate these possibilities in the following). 
For instance, a radiative lifetime for the exciplex of 
r,::::: 280 ns would lead to excellent agreement between the 
calculated curve and the observed data. Yet this lifetime cor­
responds to an exciplex nonradiative rate of only 
k ~r ::::: 3 X 105 

S - 1 to account for the estimated 0° fluores­
cence lifetime of 256 ns. 

(c) 

• 

2000 3000 

FIG. 15. Calculated vs observed relative 
fluorescence quantum yields, tPE/tP,. for 
various kinetic models (see the text) per­
taining to (a) radiative lifetime, (b) nonra­
diative decay and (c) exciplex back reac­
tion. The experimental data (e) are from 
Fig. 8. Calculated results were obtained 
using Eq. (14) and the observed decay rates 
and estimated radiative lifetimes. The 
curves were drawn through the calculated 
points. 
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The effect of a competition between nonradiative decay 
and exciplex formation is also reflected in the quantum yield 
ratio ifJE/ifJA. For simplicity, we express the excess energy 
dependent nonradiative rate constant k ~r as some propor­
tion of ke' i.e., 

k~r(Ex) = k~r(900) + xke for Ex >900 cm- I
, (15) 

where k ~r (900) is k ~r at the threshold energy 
Ex = 900 cm -I and is given by the measured quantity 
A I - k :. Although, there is no reason to expect x to be con­
stant with Ex this model is adequate for assessing the magni­
tude of k~r' 

In Fig. 15(b), the best fit to the observed quantum yield 
data would appear to lie between the curves for x = 0 and 
x = 0.20. Since nonzero values for k _ e and k;r (we assume 
that they are zero here) would lower the curves in Fig. 15(b) 
even further, it is unlikely that the nonradiative rate k ~r is 
greater than that represented by x = 0.20. This conclusion is 
in accord with results for jet-cooled anthracene. At 
Ex = 2800 cm- I

, for instance, weestimatek~r <3 X 108 
S-I 

for A-(CH2h--<p compared to knr z 1. 7 X 108 
S -1 for anthra­

cene. I The value of x obtained in this way indicates that 
nonradiative decay does not seriously compete with exciplex 
formation. 

b. Exciplex back reaction. The role of dissociation of the 
exciplex to the locally excited anthryl state is particularly 
important from a thermodynamic point of view. The forma­
tion of the exciplex requires a certain amount of energy to 
surmount an activation barrier as evident from the time­
resolved data (e.g., Fig. 9). However, the exciplex is entropi­
cally unfavored compared to the extended conformation of 
the locally excited state. Hence at higher temperatures, the 
exciplex should become shorter lived due to dissociation (via 
k _ e) or other channels (via k ;r)' 

Under the conditions given by Eq. (13), the square root 
term in A1•2 [Eq. (lOe)] may be factored enabling us to ex­
press min Eq. (14a) as 

kek_e 
m= ---. 

A~ 
(16a) 

Furthermore, since Al zke above the threshold, we can re­
late the equilibrium constant Keq to m via the relation 

(16b) 

Earlier, we established from the fluorescence decay curves of 
the locally excited anthryl-type state that m < 0.01 (hence 
Keq> 102

). The relative quantum yield measurements, how­
ever, are far more sensitive to small values of m than the 
fluorescence decay curves, as is evident in Fig. (ISc). This 
situation is due to the long lifetime of the exciplex which 
enables slow decay processes to compete effectively with ex­
ciplex fluorescence. 

The relative quantum yield data provide strong evi­
dence that the exciplex back reaction is very minor. We men­
tion again that other processes which are neglected here (but 
examined just previously) would act to lower the curves in 
Fig. 15(c) even further. Consequently, we judge an upper 
limit for m to be 0.001, in which case Keq > 103 [Eq. (16b)]. In 

terms of the reverse rate constant, one obtains for instance at 
Ex = 2800 cm- I the value k _ e < 1.4x 106 

S-I. 

3. Justification of simple kinetic model 

The kinetics in the present study differ from conven­
tional thermal solution phase experiments in two fundamen­
tal ways: (i) laser excitation of jet-cooled molecules allows 
selective excitation of specific vibrations in the excited elec­
tronic state; and (ii) the expanded molecules are collision free 
and hence subject only to intramolecular interactions. Con­
sequently, a microscopic rate theory is required which de­
scribes the kinetics from specifically prepared vibrational 
states (i.e., k ;(Ex ) for exciplex formation from mode v with 
excess energy Ex). 

The difference between jet-cooled and vapor phase bulb 
experiments may be visualized in Fig. 16. An optically active 
state Is) is excited which in general is not reactive (since the 
multiple quanta of the reactive modes needed to surmount 
the activated barrier are rarely optically accessible directly). 
The Is) state may redistribute energy into a set ofisoenerge­
tic bath states II) A via the mode dependent rate constant 
k rVR (Ex)· The density of bath states increases rapidly with 
Ex in large molecules. As a result, the overall IVR process 
may become more effective and irreversible; thus the mode 
selectivity initially imparted to the molecule by laser excita­
tion is lost at sufficiently high energy. 

In a thermal system, a large distribution of reactant and 
product bath states (e.g., II) A and II) E) can interact with 
each other, thus insuring that an equilibrium is maintained. 
This condition is not necessarily satisfied when only a nar­
row band of states is allowed to interact. However, there is a 

Is) 
k~Yr (E.) ---... --

hll 

FIG. 16. Representation of the microscopic rate constants for IVR an? pro· 
duct formation following mode selective picosecond excitation to the lmhal 
state Is). The approximate conformations associated with the reactant and 
product are illustrated. 
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correspondence between the quantum mechanical treatment 
and the kinetic approach.6

•
50 Our justification for using the 

simple kinetic scheme in the above analysis is based on two 
fundamental assumptions; 

(i) Since the Is) state does not lead directly to reaction, 
we must assume that the reactant bath states II) A become 
populated within the time scale of our experiment (i.e., 
kIVR >ke)' This is clearly the case as indicated by the absence 
of measured mode selective rates. Consistent with this con­
clusion is the predominance of redistributed (broadened) flu­
orescence and the absence of resonance fluorescence in the 
dispersed fluorescence spectra of A-(CH2h--q? at excitation 
energies greater than the og region. 

(ii) We assume that there is no quasiperiodic behavior 
on the timescale of the reaction such as those observed by 
Felker and Zewail4(b) in anthracene. The interactions 
between )/) A and II) E may be viewed as kinetic in the sense 
that these two manifolds are reversible. This requires that 
the density of states within II ) A and II ) E at any given excess 
energy are sufficiently large that redistribution between the 
manifolds is unrestricted. 

C. Intramolecular reaction dynamics 

Unimolecular rate theories such as RRKM are statisti­
cal in nature and in general consider the limiting case of 
complete and nonspecific energy randomization by any 
means, including collisions. However, the dynamics of iso­
lated molecules are not generally statistical (see discussion in 
Refs. 1 and 2), but may exhibit nonstatistical (or quasiperio­
dic) behavior in the sense that only a small number of degrees 
of freedom will mix on a reactive timescale and that recur­
rences among modes can therefore occur.5

1.
52 The observed 

recurrences in anthracene4 are good examples of this behav­
ior in large molecules. For smaller systems, the photodisso­
ciation of van der Waals complexes is another example. 53 

We will attempt to unravel the intramolecular reaction 
dynamics of A-(CH2h--q? by appealing to both simple classi­
cal and quantum theories of unimolecular reactions. These 
theories are difficult to apply to complicated systems where 
the vibrational degrees of freedom and reactive chain modes 
are not well defined. However a comparison between experi­
ment and theory will allow us to address some important 
points, such as (i) the number of modes that might be in­
volved in the reaction, which bears on the issue of IVR, (ii) 
the importance of the torsional motions to the rates and (iii) 
the effect on the rates due to coupled reactive modes and a 
multidimensional reaction coordinate. 

1. Torsional dynamics 

One of the primary considerations in the dynamics of 
exciplex formation in A-{CH2h-q;> is in how energy propa­
gates from the optically excited (anthrylj modes into the re­
act~ve chain torsions and the concomitant geometric change 
which enables charge transfer stabilization to occur. The re­
action coordinate is a complicated function; as many as four 
different internal rotations are necessary to project A­
(CH2iJ-q> from an extended geometry to the exciplex geome­
try. It is essential then to characterize the reactive torsional 

modes (i.e., frequencies, barrier heights) for which spectro­
scopic information is unavailable. We begin by defining a 
model in which to calculate the torsional frequencies in A­

(CH2h-q>· 
The periodic potential associated with internal rotation 

for an N-fold top may be expressed by a series expansion23 of 
the form 

VkN 
V(a)= 2:-(I-coskNa), 

k,N 2 
(17) 

where VkN represents the amplitude (or barrier) for each pe­
riodic component N. Values of k allow for higher orders of 
perturbations (e.g., anharmonicities). For our purposes, it is 
sufficient to retain only the k = 1 (harmonic) term. The fre­
quency of a harmonic torsion in the most stable conforma­
tion is known23 to give 

(18) 

where IRis a reduced moment of inertia for a given torsion. 
This equation is similar to Eq. (2) in Sec. III A2. 

For rotation of the mth top, the reduced moment may 
be determined from the method of Pitzer and Gwinn54 

IRm =Im(l- itl ImA~/IJ (19) 

where 1m is the moment of inertia of the mth top, Ii the 
moment of inertia of the whole molecule about the ith princi­
pal axis, and A. mi is the direction cosine between the axis of 
the mth top and the ith principal axis. Equation (19) is an 
exact expression for a single top and is usually a satisfactory 
approximation for a molecule with several tops. For in­
stance, Eq. (19) has been used to describe the rotational iso­
merism of a 1,3-dibromopropane,55 a molecule not unlike 
A-(CH2h--q?· Equation (19), however, becomes cumbersome 
when the principle axes are not known, particularly for large 
asymmetric molecules such as A-(CH2b--q? The reduced 
moment of inertia for torsional motion may also be defined 
by the simple expression 

I R = --.!..!..:L, 
II +12 

(20) 

where II and 12 are the moments of inertia about the tor­
sional axis of the two parts of the molecule involved in the 
motion. Both methods of determining IR gave similar re­
sults, although, for A-(CH2b-q> Eq. (20) proved more con­
venient. 

We describe the internal rotations in A-(CHz)]-q;> by 
the following angles 

A 

<P, <P2 <P3 <P4 

The torsions represented by qJ2 and qJ3 involve two threefold 
asymmetric tops giving a threefold potential for internal ro­
tation. The qJI and qJ4 torsions involve the interaction of a 
threefold asymmetric top with the twofold plane of an aro-
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matic system giving an overall sixfold potential. The interac­
tion of the aromatics with the adjacent chain hydrogens, 
however, is slight as indicated by the mere 5 cm - I barrier to 
internal rotation in toluene,24 hence, we assume that the rpI 
and rp 4 torsions have simple twofold potentials. The different 
conformational energies and the asymmetric tops in A­
(CH2h-97 introduce several terms into the potential energy 
equation [Eq. (17)]. However, since we lack adequate infor­
mation regarding these properties we consider just the lead­
ing term representing the dominant periodicity in Via) (i.e., 
N = 2 for rpI and rp4 and N = 3 for rp2 and 'P3)' This will tend 
to underestimate the torsional frequencies but not by an 
amount considered serious for these approximate calcula­
tions. 

We report the results of our calculations in Table IV. 
The input barriers V N were based on measured or calculated 
values in analogous systems. For the individual torsions 
about 'Pz and 'P3 we used V 3:::: 1200 cm -1 from the calculated 
barrier in 1,3-dibromopropane,56 whereas for 'PI and 'P4 we 
estimated barriers of V2 :::: 1000 and 600 cm- I, respectively, 
based on calculated and measured barriers in alkyl ben­
zenes.26 Our calculated torsional frequencies apply to the 
extended (i.e., tt, Fig. 17) conformation of A-(CHzh-97. We 
calculated V T for other conformations about 'P2 and rp3 and 
for variations in the aromatic rotations, however only minor 
differences were encountered. As a check of our simple mod­
el, we calculated VT for the 'Pz = 'P3 torsion in 1,3-dibromo­
and 1,3-diiodopropane assuming a barrier of V3 = 1200 
cm -1. As expected for this simple model, the calculated val­
ues are smaller than the observed values (Table IV). The 
inclusion of higher order periodic components V N on the 
potential energy surface has the effect of increasing the cal­
culated frequencies as indicated by Eq. (18). However, for 
the purposes of this discussion and for the RRKM calcula­
tions to follow (Sec. IV C3) the simple model achieves suffi­
cient accuracy. 

2. Reaction rates 

We begin by applying a simple theory to describe the 
excess energy dependence of the rates. Recently, it was 
shown that an activation3

•
51 type rate equation could be ap­

plied to isolated molecules to describe the rate constant at a 
given excess energy provided that an effective temperature is 
defined according to the number of vibrational modes in .. 
volved. The expression is given by 

TABLE IV. Calculated torsional frequencies. 

A-{CH2h-<p 1. 3-diX Propane 

Calc Obs Calc Obsc 

f/J, 8 II" 
f/J2 28 l63

b 105 

f/J3 15 f/J2.3 51 82 

f/J4 21 

" Tentative assignment, Sec. III A 2. 
b f/J2 = f/J3 for the symmetry substituted 1, 3-dihalopropanes. 
c Reference 30. 

(X=Br) 
(X=I) 

1\ 

(±120. ±120) 

(±120, +120) 

FIG. 17. Schematic representation of the major conformations of A­
(CH2h-<p. A threefold torsional potential is assumed for rotation about f/J2 
and ({J3' The sense of rotation is defined about the torsional axis viewed from 
the central carbon. The signs + and - are arbitrary as long as account is 
taken of the relative sign of rotation about the two bonds (Le .• 
g+g- =g-g+). 

(21) 

where n is the number of effective modes, Eo is the threshold 
energy, and A is the preexponential frequency factor. 

The measured rate constants, ke for exciplex formation 
were analyzed via Eq. (2l). Using our value of Eo = 900 
cm -1 (Fig. 9), we obtained a very linear In k plot yielding the 
valuesAe = 1.2X 101O s- 1 andn = 6.3 (Fig. 18). Eq. (21) has 
also been found to describe other reactive systems in super­
sonic jets.3•6 •57 It is worth noting that the small frequency 
factor determined here agrees to within the experimental 
uncertainty of that observed for the related intermolecular 
exciplex system anthracene + dimethylaniline in hexane. II 

For the sake of comparison, we have also analyzed the 
time-resolved data to the RRK expression 

( 
E-E ]n-I k=A 0 

E 
(22) 

for various values of Eo in the vicinity of the observed value 
Eo = 900 cm- 1 (Fig. 19). For Eo = 900 cm- I

, we obtained 
n = 4.6 and A. = O.82X 1010 S-I, in reasonable agreement 
with the results derived from the effective temperature rela­
tion [Eq. (21)]. 

The small frequency factor that we have observed is 
common to most exciplex 11 and excimer8(b} systems and is 
usually attributed to the negative entropy associated with 
exciplex formation. For example, in systems with well de­
fined temperature (i.e., solution or thermal bulbs), it fol­
lows38

(b} from the Arrhenius equations for k. and k _. and 
therelation.JG= -RTlnK that 
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FIG. IS. Effective temperature analysis of reaction rates as a function of Ex. 

For the observed energy barrier Eo = 900 cm - I, a linear logarithmic fit to 
Eq. (21) was obtained giving the values A, = 1.2X 1010 

S-I and n = 6.3. 

A -e 

(23) 

In isolated isoenergetic molecules it is the energy and not the 
temperature that is well defined and hence the concept of 
entropy must be examined in a different context. We consid-

3.00 r--,----r--...----,.---r--...----,.--, - Eo 

" 
• 600 em'! 

0700 

g, .800 0 
0900 

g 
.Ceo -'" 

-1.0 oS 

FIG. 19. RRK analysis of reaction rates as a function of Ex' The arrows 
designate rates measured for the build-up of the product. The results for 
Eo = 900 cm- I were Ae = 0.S2X 1010 

S-I and n = 4.6. The insert shows 
logarithmic plots of the experimental data for various values of Eo. 

er this point by using an energy specific RRKM model short­
ly. A small frequency factor, however, might also be expect­
ed in situations involving non-adiabatic surface crossings 
and/or multimode reaction coordinates. The latter case is 
believed to be especially pertinent to the exciplex kinetics, 
which we examine in greater detail next. 

3. AAKM calculations and multidimensional reactive 
surface: A model 

Having calculated reasonable values for the torsional 
frequencies and estimated barriers to internal rotation in A­
(CH2b-;p we proceed to a model which relates the multidi­
mensional reactive surface and the coupled torsional mo­
tions involved in exciplex formation to the observed energy 
dependent rates. 

The formation of a stable exciplex state from an ex­
tended conformation involves many torsions. The basic mo­
tions involve internal rotations about fP2 and fP3 to bring the 
chromophores to their closest approach and rotation about 
fP 1 and fP 4 to attain coplanarity for maximum orbital overlap. 
To simplify the picture, we focus on the more critical tor­
sions fP2 and fP3' In accord with threefold tops, we allow for 
120· steps in these coordinates. Consequently, four confor­
mations may be envisioned which are illustrated in Fig. 17. 
We adopt the label convention of Flory.22 The estimated 
energies and barriers for the various conformers in both the 
ground and excited electronic state are diagrammed in the 
potential surface in Fig. 20. The ground state surface of A­
(CH2b-;p approximates that of 1,3-diiodopropane and pen­
tane except for the repUlsive g ± g 'f for which the energy was 
estimated in Sec. IV A 1. (The g ± g ± conformer is similar in 
energy to g ± t and hence is excluded for convenience.) The 

tt g±t 
Conformation 

FIG. 20. Potential energy diagram for various conformers. Voo and ,l'de­
note, respectively, the frequencies of the 0,0 excitation of the anthryl moiety 
and the exciplex ftuorescence. Notice that the optimum exciplex geometry 
deviates slightly from a true g ± g'f' configuration. 
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excited electronic surface is assumed to exhibit similar prop­
erties to that of the ground state with the exception of the 
g ± g =F conformer which forms a stable exciplex (see also Fig. 
13). 

The conventional potential energy diagram in Fig. 20 
illustrates the energy relations between conformers. How­
ever, as illustrated, it considers just one trajectory consisting 
of consecutive torsional steps leading to reaction. The true 
motions in A-(CH2h--<p are probably more varied, involving 
correlated motion among the torsions as well as nonreactive 
trajectories. To illustrate this situation, we have recast the 
excited electronic state potential into a 2D contour diagram 
in Fig. 21 involving the major torsions f/12 and f/13' The con­
formational changes in A-(CH2h--<p may now be visualized 
in terms of trajectories on this surface. For example, inde­
pendent torsional motion is described by trajectories consist­
ing of vertical and horizontal steps, whereas concerted tor­
sional motion is represented by trajectories in all directions. 

Figure 21 enables one to visualize how the involvement 
of several modes along the reaction coordinate affect the rate 
of reaction compared to a simple single mode situation (e.g., 
bond dissociation). For a one dimensional reaction coordi­
nate (i.e., the diagonal trajectory from [0,0] to 
[ ± 120 =+ 120], for instance), the only trajectory is reactive. 
When two vibrations participate in the reaction, however, an 
added dimension of nonreactive trajectories is introduced 
even when the reactive modes are fully activated as is evident 
in Fig. 21. It follows then that the greater the number of 
coupled reactive modes (e.g., four torsions in A-(CH2h--<p), 
the greater is the space of nonreactive trajectories. One out­
come for such behavior might be reaction rates which exhibit 
an unusually small frequency factor. 

We have investigated the effects of multiple reactive 
modes in A-(CH2h--<p using RRKM theory and a model for 
coupled rates. For the RRKM calculations we foIIowed the 

FIG. 21. Approximate two-dimensional excited state potential energy sur­
face for torsional motion about the axes 9'2 and 9'3' Each contour represents 
250 cm -I of energy. Minima are indicated by X. Note the ~~ well co~e­
sponding to the exciplex geometry at [ ± 120, =t= 120J. The Initially e~cJted 
comfonnation is [0,0] which represents the most stable confonner In the 
ground electronic state. 

procedure outlined by Khundkar et aJ. 57 RRKM theory 
holds that 

k(E)= N#(E+) (24) 
;c hp(Ex} ' 

where N #(E +) is the total number of quantum states in the 
transition state in the energy region E + = Ex - Eo (where 
E is the barrier to reaction) andp{Ex) is the density of states o . . 
of the reactant at excess energy Ex. No thermal averagtng IS 
required for our system. 

The RRKM calculations employed the Rase-Bunker 
program 58 for computing k (Ex)' Certain features of this pro­
gram have been discussed previously. 57 The total effective 
vibrational degrees of freedom were approximated by using 

59 3 d" the calculated vibrational modes of anthracene, 1, - no-
dopropane60 and the calculated (or observed) torsi~~s in Ta­
ble IV. We assumed that the reactant and tranSItIOn state 
vibrations are equivalent and harmonic with the exception of 
the reactive models). The activation energies used in the cal­
culations were estimated from conformational studies of 
molecules analogous to A-(CR2h-q; (e.g., dihalopro-

26 d . panes,55.56,61 pentane,22 and alkylbenzenes ) an are Incor-
porated into the model surface in Fig. 21. 

RRKM theory can only accommodate a one-dimen­
sional reaction coordinate (and hence only one reactive 
mode). We have, therefore, adopted a simple model for cou­
pled reaction rates based on Fig. 21. Three situations were 
investigated. 

(i) Concerted motion: A conventional one-dimensional 
reaction coordinate involving the initially excited conformer 
[f/12,f/13] = [0,0] and the exciplex conformer [ - 120, ~ 120] 
(see also Fig. 17). This would entail the concerted motlOn of 
the torsions about f/12 and f/13' 

(ii) Consecutive motion: A two-dimensional. reactio.n 
coordinate involving only stepwise torsional motton. ThIS 
requires that the molecule go through an intermediate con­
former (either [ - 120,0] or [0, + 120]) before forming the 
exciplex. 

(iii) Same as (ii) except that trajectories involving all con­
formers in Fig. 21 are considered. This situation allows for 
the possibility of nonreactive trajectories. 

RRKM rate constants connecting all adjacent con­
formers (rate matrix) were calculated as a functi~n of excess 
energy Ex and the resulting set of coupled .equatIons of mo­
tion for all conformers were solved numencally. The calcu­
lated rates for exciplex formation under the conditions de­
scribed above are compared with the observed rates in Fig. 
22. 

The calculated rates in all cases are substantially 
greater than the observed rates. It is not certain, however, 
how much significance may be attached to the absolute scale 
for the calculated rates in view of the uncertainties involved 
in characterizing many of the vibrations in A-(CH2h-q;. 
However, the relative rates obtained for the three models are 
very informative. . 

The calculated results confirm our intuitive expectatlOn 
that the greater the number of possible intermediates and 
nonreactive trajectories, the slower will be the rate of pro­
duct formation. Models (i) to (iii) obey relatively linear acti-
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FIG. 22. Calculated vs observed rates for exciplex formation assuming var­
ious models for a multidimensional reaction coordinate; (- - -) I-dimension­
al reactive surface with concerted torsional motion; (-) two-dimensional 
surface with consecutive torsional motion and reactive trajectories only; 
and ( ... ) two-dimensional surface with consecutive torsional motion and 
nonreactive trajectories; (e) observed data. The insert illustrates analysis of 
calculated and observed results using Eq. (21) and the measured value of 
Eo = 900 em-I. 

vation log dependences [Eq. (21), Fig. 22] that are parallel to 
the observed data. The preexponential frequency factors Ae 
obtained in this manner were 1.1 X 1011, 9.4 X 1010 s -I, and 
8.0X 1010 S-I, respectively. According to this trend, the use 
of a potential surface that also considers the importance of 
the q:J I and q:J 4 torsions on the reaction coordinate should lead 
to better agreement with the observed value of 
Ae = 1.2X 1010 S-l. 

Complete agreement between theory and experiment is 
probably not possible with the above model since we have 
not adequately accounted for the entropic destabilization of 
the exciplex in the RRKM calculations. A multidimensional 
reaction coordinate may be considered to contribute an en­
tropy effect in the sense that the greater the number of acces­
sible states (e.g., conformers) the more entropically unfa­
vored is anyone state. What has not been considered here, 
however, are any differences in entropy that may exist 
between the different conformers due to geometry. 

The entropy associated with an isoenergetic reaction 
(i.e., the energy of the reactant and product are the same) is 
different from that encountered in a thermal reaction where 
energy due to exothermicity can be dissipated. The equilibri­
um constant for forward and backward reaction may be 

written using the energy specific RRKM expression in Eq. 
(24) to give 

K = ~ = !!.E... = ~S/R. (25) 
k_ e PA 

It is assumed that the transition state for ke and k _ e are the 
same and that the reactant and product have the same ener­
gy. The terms P A and P E refer to the density of states of the 
anthryl-type reactant and the exciplex product, respectively, 
at a given excess energy E". We note that AS is therefore also 
energy dependent. AS may be estimated if we assume that 
the vibrational level structure in the reactant and product 
are the same and calculate the density of states according to 
the method described earlier. Choosing Ex = 2000 cm- I 

and an energy of stabilization of AB = 3200 cm -1 (Table 
III) one obtains the result AS = 22 e.u. The large entropy 
impedes back reaction even though sufficient energy is avail­
able. In a thermal system, the product energy can relax and 
hence AS is smaller. However, the back reaction must then 
overcome an energy barrier. 

Equation (25) does not consider other entropy effects 
such as those due to geometry constraints (i.e., ASgeo ). For 
exciplex formation this consideration is very important, 
hence we express the observed equilibrium constant Kobs as 

(26) 

In Sec. IV B2, it was determined that K obs ;;;. 103
• If we as­

sume that the equality holds, then one obtains the values, 
.dSobs = 14 e.u. and .dSgeo = - 8 e.u. Although these re­
sults are rough estimates, they are consistent with the en­
tropy destabilization expected for a folding of the molecule 
to form the product exciplex. In fact, a value of ASgeo ::::: - 4 
e. u. would explain the discrepancy between the observed and 
RRKM rates (Fig. 22). Unfortunately, no entropy determi­
nations of intramolecular exciplexes resembling A-(CH2h­
q:J could be found. The entropies for intermolecular exci­
plexes are expected to be much larger since a more drastic 
geometry change takes place. Thus, for the sake of compari­
son we cite the value of .dSobs = - 25 e. u. determined for 
anthracene + dimethylaniline in cyc1ohexane. II Since this is 
a thermal system, the observed entropy may be attributed to 
the geometry change. 

4. Role of the solvent 

Intramolecular exciplex formation requires extensive 
internal rotation to achieve the essential geometry change. 
One might, therefore, expect the reaction rates to be notice­
ably impeded in solution compared to the vapor phase. Ei­
senthal and co-workers 121b) showed that the rate of exciplex 
formation for A-(CH2b-<p is viscosity dependent with time 
constants for reaction ranging from 1.4 (isopentane) to 3.8 ns 
(tetradecane). It is not known, however, the extent to which 
the fastest observed rate is slowed by solvent drag. To ad­
dress this point, we have calculated the rate of exciplex for­
mation expected for a vapor phase sample of A-(CH2b-<p in 
thermal equilibrium at the experimental temperaturel2lb) of 
20'C. The thermal rate constant, ke(T), was related to our 
measured excess energy dependent rate constants k. (E,,) via 
a Boltzmann distribution. The procedure has been described 
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previously57 and is given by the expression 

ke(T)= ~ f" k(Ex)P(Ex)e-EJkTdEx' (27) 

The density of statesp(Ex ) and the partition function Q were 
computed using the calculated modes of anthracene, 59 1,3-
diodopropane60 and the observed and calculated torsional 
modes in Table IV. Our approximate model for the density 
of states (i.e., harmonic overtones and exclusion of the modes 
in the dimethylaniline chromophore 'P) underestimates the 
actual value of p(Ex) and Q. The calculated rate is therefore 
considered to be a lower limit. We obtained the value ke 
(20") = 1.8 X 109 

S-I (i.e., l' = 540 ps) indicating that even at 
low viscosity, the solvent strongly impedes the geometry 
change required for exciplex formation. 

What is perhaps surprising about the intramolecular 
exciplex formation in solution is that pure single-exponential 
behavior was observed. 12.i3 In solution, the rates of large 
amplitude motions such as internal rotations are usually 
governed by viscous drag, particularly if bulky groups are 
involved. Hence, the end-to-end encounter probability of the 
two chromophores in A-( CHzh"''P is diffusional and there­
fore not necessarily exponential. One suggestion for the ob-

. . I . I' l2lb)' served exponential formation of exclp ex m so utlon IS 
62 C h' that low frequency global motions may account lor t IS 

behavior. However, the nature of these motions are not pre­
cisely known. Another mechanism may be postulated based 
on the present model if we assume that torsions 'Pz and 'P3 
which bring the chromophores to their closest approach, ~re 
not sufficient alone to promote reaction, but that rotatIOn 
about 'PI and 'P4 are also necessary to achieve .coplanarity of 
the aromatics. Consequently, many nonreactive end-to-end 
trajectories may occur before the geomet~y of ~-(CH2h~ 
becomes suitable for reaction. We may view thiS behaVIOr 
schematically: 

~ g + ---+exciplex. 
~ 

The interconversion between the various conformers of 
A-(CH2b-tp, via torsional chain motion about 'Pz and ~3' 
may be diffusional in solution and hence nonexponentlal. 
However, exciplex formation from the critical g ± g + con­
former may occur through aromatic rotation about 'P~ a~d 
'P4 which may be less diffusional and more exponential m 
nature. 

V. SUMMARY AND CONCLUSION 

We have investigated the picosecond state-selective dy­
namics and photochemistry of the molecule 

A-CHz-CHrCHr-<p 

under collision-free conditions in a supersonic jet. The prin­
cipal intent of this work was to directly measu~e the rat~ of 
product (charge transfer or exciplex) formation .resultmg 
from IVR to the reactive chain vibrations followmg mode 
specific excitation of the anthryl vibratio~s. In this re.gard we 
obtained the rates, relative quantum Yields and dispersed 
fluorescence spectra as a function of vibrational ene~gy 
above the 0° level. Excitation spectra were recorded to assign 
the vibrations in the first excited electronic state of A-

(CH2h-tp and to compare with anthracene, 9-methylanthra­
cene and 9-hexylanthracene. The major conclusions drawn 
from this work are summarized as follows: 

(i) The rate ofIVR is faster than the reaction rate at all 
excess energies studied. This was evident from the lack of 
mode-selective rates at any given energy and consistent with 
the dispersed fluorescence and excitation spectra. 

(ii) The photochemical rate of product (exciplex) forma­
tion vs excess energy above the 0° level was observed to have 
a threshold at Ex ::::: 900 cm -I (2.6 kcallmol). An analysis of 
the experimental results by an effective temperature ap­
proach led to a preexponential frequency factor of Ae 
::::: 1. 2 X 10 10 S - I. We further considered the effects of chain 
dynamics in promoting the reaction by adopting a model for 
a multidimensional reaction coordinate using an RRKM 
scheme. Four torsions were identified as critical to reaction 
and their frequencies calculated using a harmonic theory. 
One of these was assigned to the optically active 11 cm - I 

mode observed in both the ground and excited state. The 
effects on the calculated rates were examined for coupled 
torsional motion by concerted vs consecutive pathways as 
well as the extent of nonreactive trajectories involving the 
reactive modes. 

(iii) Various thermOdynamic properties of the reaction 
in the jet have been elucidated, e.g., AH = - 9.2 kcallmol 
for exciplex stabilization, C2 = 0.93 for the extent of charge 
transfer in the exciplex and 13D for the excited state dipole 
moment. We observed no evidence for the dissociation of the 
product exciplex back to the initially excited anthryl st~te 
(k _ e <O.oolke) although the exciplex lifetime does vary wIth 
excess energy. 

(iv) The time-resolved data on jet-cooled A-(CH2h-tp 
were compared to solution phase results to examine the role 
of the solvent. The static thermodynamic properties of A­
(CH2h-tp are similar in both phases. Howeve~, the dynamics 
leading to product formation differ substantially. The shor­
test measured reaction lifetime for exciplex formation of A­
(CH2 h-tp in solution is 1.4 ns I2

(b). However, based on a den-

sity of states model and our measured energy selective rates, 
we calculated a lifetime of 540 ps for the same thermal sys­
tem in the vapor phase. This lifetime is comparable to that 
measured in the jet at an excess energy of ::::: 3000 cm - I. 

Apparently, even low viscosity solvents can si~nificantly i~­
pede large amplitude motions such as the torSIOnal modes 10 

A-(CH2b-tp· 
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APPENDIX: SYNTHESIS OF A-(CH2h""iP 
The following efficient new scheme was developed to 

synthesize A-(CH2h-tp; 
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° ©II 
©- CCH3 + 
© 

° ©II 8- CCH = CH - Q-N(CH3lz 
3 atm H2 .. 

Pd/C 

-OH 

RT 

§-(CH,h- iQ)-NICH,),. 

1-(9-anthroyl)-2-( 4-N,N-dimethylaniline) ethylene. 109 
(46 mmol) of9-acetyl anthracene was dissolved in 300 ml of 
95% ethanol with the help of a steam bath. 25 ml of 3 M 
NaOH was then added. To this was added a solution of7 g 4-
N,N-dimethylamino benzaldehyde in 50 ml 95% ethanol 
and stirred. Orange precipitate began to appear in - 1 h, 
however, the reaction required two days for completion. The 
yellow/orange precipate was filtered, washed with water 
and dried on a rotary evaporator, a vacuum line, and a vacu­
um oven containing P20 S' Yield 95%; mp 188-190: ir 1585, 
1510 cm- I

; NMR (CDCI3) {j 2.90 (s,6), 6.5 (d,2), 7.09 (s,2), 
7.23 (d,2), 7.40 (m,4), 7.95 (mA), 8.45 (s,l). 

1-(9-anthroyl)-2-(4-N,N-dimethylaniline) ethane. 4 g 
(11.4 mmol) portions of 1-(9-anthroyl)-2-(4-N,N-dimethy­
laniline) ethylene were added to 200 ml of acetone containing 
200 mg of 5% or 10% Pd on C catalyst and reduced on a 
Parr hydrogenator over 3 atm H2 for 12 hr. The reaction 
mixture was filtered through a fine fritted filter packed with 
- 1 in. of Cellite to remove the catalyst, then rotovapped 
and vacuum dried. The oily product was sufficiently pure 
(- 95% by NMR and tlc) to be used directly in the next 
reaction. Yield 90%; ir 1690, 1610, 1515 cm- I

; nmr(CDCI3) 

{j 2.83 (s,6), 3.24 (q,4), 6.64 (d,2), 7.13 (d,2), 7.40 (m,4), 7.65 
(m,2), 7.95 (m,2), 8.40 (s,l). 

1-(9-anthroyl)-3-(4-N,N-dimethylaniline) propane. 10 g 
(28.5 mmol) of 1-(9-anthroyl)-2-(4-N,N-dimethylaniline) eth­
ane was added to alSO ml solution of 1 M LiBEt3H (super­
hydride) in THF, stirred at RT for 30 min and reftuxed for 2 
h under an atmosphere of N2. The workup of the reaction 
mixture is as follows; 200 ml of 3 M NaOH was added very 
slowly with a drop funnel. 100 ml of methanol was then 
added, followed by the dropwise addition of 30 ml of 30% 
H20 2. Rigorous fizzing accompanies these steps. The solu­
tion was reftuxed for 3 h after which an additional 25 ml of 
30% H20 2 was added. The solution was allowed to sit for 12 
h after which another 30 ml of 30% H20 2 was added. The 
aqueous layer was washed with ether, combined with the 
organic layer, dried over MgS04 , filtered, rotovapped and 
vacuum dried. 9.8 g of crude product (-75% pure by NMR) 
was recovered. The desired material was purified by ftash 
chromatography using 37-53 J.Lm silica gel and a 55:45 by 
volume mixture of CH2CI2:hexane, followed by two recrys­
tallizations in ethanol. mp 101.5-102.5; NMR (CDCI3) {j 

2.10 (m,2), 2.80 (t,2), 2.92 (s,6), 3.55 (t,2), 6.67 (d,2), 7.12 (d,2), 
7.35 (m,4) 7.92 (m,2), 8.12 (m,2), 8.25 (s,l). 

Anal. Calc for C2sH2SN:C, 88.45; H, 7.42; N, 4.13. 
Found: C, 88.16; H, 7.42; N, 4.10. 
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