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Summary 

Picosecond-resolved transient absorption spectra of iodoanthracenes excited 
in the S1 manifold with about 3000 cm-’ excess energy, combined with earlier 
fluorescence studies and analyses of photoproducts from the 366 nm dissociation 
of the C-I bond in benzene and cyclohexane solution, give kinetic evidence for 
the specific intersystem crossing (ISC) and internal conversion (IC) processes 
which proceed and compete with photodissociation. Since ISC is heavy atom 
accelerated to the picosecond domain in iodoanthracenes, intramanifold vibra- 
tional relaxation as well as triplet-triplet IC can be monitored with approximately 
10 ps resolution. The vibrationless T1 state at about 12 000 cm-’ lies below the 
energy threshold for dissociation so that the quantum efficiency for C-I homoly- 
sis is diminished by triplet-triplet IC processes leading to T1. 

354 nm excitation of 9-iodoanthracene in cyclohexane is followed by rapid 
vibrational thermalization within the S, manifold prior to thermally activated 
ISC to a triplet state T, of higher energy than S1. In a subsequent decay scenario 
consistent with our 432 nm T, t T1 transient absorption rise time and T1 forma- 
tion quantum yield, T,, branches into IC (ultimately leading to a long-lived T1 
state) and photodissociation into R. +I(2P3j2) with efficiencies of about 0.2 and 
0.8 respectively. The T1 formation rise time of about 50 ps matches the S1 - So 
fluorescence lifetime within experimental scatter for 9-iodoanthracene in cyclo- 
hexane at about 25 “C, implying a non-radiative decay rate of greater than about 
1011 s-l for T, in our kinetic model. 

1. Introduction 

Since 1974, our understanding of photodissociation in polyatomics has been 
augmented largely by molecular beam photofragment angular distribution studies 
[l - 31, by photofragment fluorescence measurements in bulk gases excited in the 
vacuum UV [4,5] and by the development of a generalized Franck-Condon 
theory [6 - 81 for photodissociation which emphasizes the kinematic role of iui- 
tial state and photofragment normal modes. The last-mentioned approach, which 
deals with details of the photodissociation step itself, casts the transition amplitude 
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for dissociation in terms of a reaction coordinate overlap integral between the 
final photofragment continuum state and the vibrational wavefunction of an 
effective bound state oscillator whose origin and force constant depend on the 
normal mode properties of both the initial bound state and the photofragments. 
In triatomics such as HCN, ICN [6] and CO2 [7] fragment vibrational state 
distributions from fluorescence studies are found to be in qualitative agreement 
with those predicted from the Band-Freed model for collinear photodissociation. 

Photodissociation in larger polyatomics such as iodobenzene [l] and 
Mn,(CO),,-, [2], however, is complicated by vastly denser vibrational manifolds 
built on wider varieties of accessible electronic states, giving rise to internal con- 
version (IC) and/or intersystem crossing (ISC). Evidence for the competition 
of such electronic relaxation processes with photodissociation has emerged in 
molecular beam photofragment studies, which monitor the time scale for the 
overall dissociation process. From a comparison of the predissociation lifetimes 
of l-iodonaphthalene and l-bromonaphthalene excited primarily in their SZ mani- 
folds, Dzvonik et al. [ l] inferred that the decay of S, probably branches into 
SZ j S1 IC and predissociation by ISC into a repulsive 3(n,a*) state. The possible 
processes after excitation of S1 haloanthracenes are visualized in Fig. 1, which 
shows x electron single-excitation CI eigenvalues [9] for low-lying optically 
active singlets with their corresponding triplets in anthracene-hlO. These levels 
are not drastically perturbed by halogenation [lo], but an additional low-lying 
3(n,o*) dissociative triplet arises from creation of the weak C-X bond. The 
overall dissociation energies of haloanthracenes are unknown and are bracketed 
for iodoanthracenes in Fig. 1 by reported pyrolytic and electron impact dissocia- 
tion energies for iodobenzene and several alkyl iodides [ 111. 

Creation of S1 with excess vibrational energy may be followed by (a) vi- 
brational thermalization of S1 in condensed solvents, (b) ISC to one or several 
of the nearly isoenergetic triplet states (not all of which are shown in Fig. 1, which 
is limited to states with spatial symmetries optically connected to A,) and (c) 
predissociation of S1 by the 3(n,~*) continuum state. 

When ISC (process (b)) occurs, the emergent triplet state T,may be pre- 
dissociated by the 3(n,u*) state or may undergo IC to lower triplets, leading ulti- 
mately to vibrationally thermalized T1 in condensed solvents. T1 may branch 
into predissociation as well as slow T1 + So ISC if its energy exceeds the dissocia- 
tion threshold, but this is improbable since the C-I dissociation energy in iodo- 
benzene and the T1 origin in anthracene are about 20 000 cm-’ and 12 000 cm-’ 
respectively. The rates of predissociation by ISC from S1 and by IC from the 
various T,, hinge on the pertinent bound state effective oscillators and the pro- 
jection of the 3(n,o*) surface along the dissociation coordinate and cannot be 
estimated a priori. 

In this work the S1 ---) T,ISC and T n+ + Tr IC non-radiative processes in 
2- and 9-iodoanthracene were probed after excitation of the S1 state in cyclo- 
hexane with 354 nm single pulses of 8 ps full width at half-maximum (FWHM) 
near 300 K. Because ISC in aryl iodides is accelerated to the picosecond regime 
via the internal heavy atom effect, these systems offer a unique opportunity for 
resolving ultrafast IC and photodissociation steps in addition to ISC. Iodoanthra- 
cenes, unlike the lighter aryl iodides studied by Dzvonik et al. [f], are readily 
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dissociated at 354 nm. T, formation is monitored by picosecond-resolved T,,, t 
T1 triplet-triplet absorption (TTA), whose spectrum at long times (longer than 
100 ps) is analogous to the TTA spectra of anthracene [ 121 and 9-bromoanthra- 
cene 1131. A calibration of 9-iodoanthracene lTA optical density changes against 
those of acridine in n-hexane (for which the S1 + T1 ISC quantum yield is ap- 
proximately known [ 141) allows bounds to be placed on the Sl+ T1 branching 
fraction in 9-iodoanthracene. This, combined with photochemical product anal- 
yses for 9-iodoanthracene excited at 300 and 366 nm in benzene and cyclo- 
hexane by a filtered mercury arc, allows an estimate of the predissociation rate 
and quantum yield. 

2. Experimental details 

Single 1060 nm laser pulses (approximately 8 ps FWHM) were generated 
at a repetition rate of l/60 Hz using a 1.1 m Nd-glass oscillator (ED-2 Brewster- 
Brewster rod; dimensions, 1.2 cm (diameter) x 15 cm (pumped length)) mode 
locked with EK 9860 dye in 1,2-dichloroethane, combined with a KD*P Pockels 
cell driven by 12 kV pulses (approximately 3 ns FWHM) from a laser-triggered 
spark gap. The mode locking was monitored with an ITT F4502 biplanar photo- 
diode and Tektronix 7704 oscilloscope. The amplification was provided by ED-2 
Brewster-Brewster rods with pumped lengths of 15 and 20 cm, and wavelength 
conversion to the 530 and 354 nm harmonics was accomplished in 2.54 cm angle- 
phase-matched KD*P crystals. 

Time-resolved TTA spectra of iodoanthracenes were obtained using the 
apparatus shown in Fig. 2. A check on rotational diffusion artifacts in ‘ITA rise 
times was made by varying the polarization of the 354 nm pulse with a rotatable 
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Fig. 1. Low-lying optically active singlet states and corresponding triplet states of anthracene from 
the electronic structure calculation in ref. 9. Probable dissociation energies of iodoanthracenes into 
R * + I(‘P,,,) are bounded by the rectangle. 

Fig. 2. A schematic diagram of the picosecond transient absorption apparatus. The laser, amplifiers 
and frequency-mixing crystals which generate 1060, 530 and 354 nm single pulses are omitted. The 
portion of the optical train between the carbon tetrachloride continuum cell and the polychromator 
is rotated by 90” about the optical axis for clarity: B, beam splitter; FF, UV filters;h, 530 nm; 
A, 354 nm;A_, continuum. 
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Fresnel double-rhomb; the excitation pulse was condensed to a diameter of about 
2 mm at the aryl iodide sample in an optical cell of path length 5 mm. Pulse 
energies (typically 20 ,uJ) were monitored in a light-shielded HP 4220 diffuser- 
mounted photodiode and were stored in a Biomation 805 transient recorder. The 
sample optical density at 354 nm was normally about 1.7. 

The 530 nm SHG pulse was passed throygh a variable optical delay (340 ps 
range) and focused into a carbon tetrachloride cell of path length 20 cm. (A path 
length of 20 cm is actually unnecessary [15, 161: group velocity dispersion in 
longer cells complicates the interpretation of broad-band transient absorption 
spectra and limits the effective interaction distances for parametric light genera- 
tion 1171.) The anti-Stokes spectrum of the resulting picosecond broad-band 
continuum [18, 195 pulse was dynamically compressed between 380 and 480 nm 
with a 3 mm Corning l-64 filter and was split by an Inconel-coated neutral beam 
splitter into a sample probe pulse I and a reference probe pulse I,.,. The pulses 
were achromatically focused at points separated by about 4 mm at the sample, 
where the I puIse intersected the 354 nm pulse at an angle of about 10”. The 
probe spectra were then analyzed with a Czerny-Turner Vidicon polychromator 
(30 cm) with a resolution of 2 nm and a dispersion of 7.9 mu mm-* and were 
individually imaged about 2 mm apart on an RCA 4532A silicon diode Vidicon 
grid controlled with a modified Cohu 4300 camera assembly. 

LASER 
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HORZ GENERATOR 
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Fig. 3. A block diagram of the Vidicon-Biomation interface for spatially selective strobing of probe 
and reference continuum spectra into a transient recorder. Horizontal and vertical camera blanking 
signals are introduced at the upper left-hand side and the video signal enters at the background 
suppressor input (lower left-hand side). Sampled regions of the Vidicon grid are selected by adjust- 
able delays Dl and D2. The timing generator is described in the text and waveforms are given in 
Fig. 4. 
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Fig. 4. Vidicon-Biomation interface waveforms during a 15.75 kHz horizontal sweep cycle. The 
Vidicon grid is divided into background (left-hand side) and signal (right-hand side) halves for dark 
current suppression; horizontal blanking occupies the first 10 +s of the cycle. Z and I,, spectra are 
strobed into the Biomation by Dl and D2 pulses. All waveforms, other than triangular, are TIZ. 
The Vidicon was physically mounted sideways to detect horizontally dispersed spectra. 

Vidicon dark current suppression and differential storage of the I and I0 
probe spectra (functions commonly supplied with a PARC OMA 2 system) were 
achieved instead with a custom Vidicon-Biomation 805 interface which is de- 
scribed in the block diagram and waveforms shown in Figs. 3 and 4. Data ac- 
quisition was synchronized to the 60 Hz vertical and 15.75 kHz horizontal Vidi- 
con blanking pulses. Adjustable delays between laser flashbank charging and 
data strobing were obtained by counting vertical blanking pulses, while differential 
data storage during horizontal sweeps was locked to the (fluctuating) horizontal 
blanking frequency using the timing generator shown in Fig. 3. 

The timing generator input signals CHARGE and DISCHARGE (Fig. 4) 
alternated the input of an integrating operational amplifier between regulated 
d.c. voltages + v and -V respectively with different input resistances, creating an 
asymmetrical triangular waveform peaking at the midpoint and grounding at the 
three-quarters point of each horizontal sweep. Discriminators converted this into 
TTL timing generator output signals t-MAX and -MAX, on which the detailed 
timing of data strobing was based. A gated feedback loop through JK-triggered 
flip-flop 1 in Fig. 3 connected the timing generator inputs CHARGE and 
DISCHARGE with its outputs f MAX; clocking flip-flop 1 with the 15.75 kHz 
blanking frequency locked the strobing cycle (described below) to the horizontal 
camera sweep. 

The unprocessed video signal was gated by the BKG and DATA waveforms 
(derived from f MAX, Figs. 3 and 4) to alternating operational amplifiers (con- 
figured as lag amplifiers) during the first and second halves of each horizontal 
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sweep in the background suppressor (Fig. 3). The dark current from the back- 
ground half-sweep was continuously averaged over about 70 horizontal sweeps, 
while the total signal from the second half-sweep was updated more than lo2 
times per half-sweep. Cancellation of the dark current was then effected in a dif- 
ference amplifier with its output directly coupled to the Biomation analog+%gital 
converter. 

Selective strobing of I and I0 probe spectra into the Biomation was furnished 
by dual monostable delays Dl and D2 respectively. Output from the subsequent 
NAND gate (Fig. 3) was directed to the Biomation external time base input 
XTB, causing storage of two data words (at delays Dl and D2 adjusted for coin- 
cidence with the Vidicon grid locations of the I and lo probe spectra) per hori- 
zontal sweep. Each laser shot then created a digitized Biomation data array with 
I and I0 spectra interlaced in alternating words. 

On verification of laser mode locking, each shot of Biomation data was 
transferred in less than 1 s onto a CP/M-formatted floppy disk by assembler soft- 
ware in an IMSAI 8080 microprocessor. Typically 40 shots were stored per run 
for various time delays between the pump and probe pulses; additional shots 
with a spoiled laser cavity were averaged for video baseline subtraction. After 
data transfer to an Itel AS/5 central computer via a PDP RX1 1 floppy disk sys- 
tem interface, I and I,, spectra were computed by pointwise summation over a 
fixed number of camera frame sweeps. Optical densities log(lJl) were calculated 
at each of 256 nominal wavelengths about 0.43 nm apart between 380 and 
480 nm, and optical density plots were generated using a SIMPLOTTER sub- 
routine on a CalComp plotter. 

Representative I and I0 probe continuum spectra transmitted by 2-iodo- 
anthracene in cyclohexane about 122 ps after excitation are shown with the cor- 
responding TIA spectrum in Figs. 5(a) and 5(b). Blocking of the 354 nm pulse 
resulted in the optical density baseline in Fig. 5(c); analogous baselines were 
subtracted from TTA spectra at all time delays. 

Beam walkover, satellite pulses, multiphoton absorption, sample saturation 
and vidicon non-linearity and/or saturation 1161 are familiar caveats. The first 
(arising from variations in pump-probe beam overlap over large optical delay 
ranges) was insignificant because the normalized 432 nm TTA optical density 
change of acridine in n-hexane 1141 was found to be constant within the standard 
deviation for our apparatus for longer than 150 ps after an induction period of 
about 90 ps. Satellite pulses from incomplete mode locking were eliminated, 
since detectable ‘TTA in acridine or iodoanthracene was observed for longer than 
10 ps prior to excitation only when double or multiple trains were discernible 
on the mode-locking monitor. The proportionality of optical density change to 
pump pulse energy is typified for acridine in n-hexane about 122 ps after excita- 
tion in Fig. 6. Both acridine and the iodoanthracenes were readily saturated by 
pumping densities at our disposal, and runs were performed well within the linear 
range. 

Additional experimental considerations in picosecond transient spectros- 
copy are discussed by Greene et al. [16]. We detected an additional potential 
source of experimental artifacts, arising from angular dispersion in the picosecond 
continuum generation as a result of non-collinear phase-matched components 
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Fig. 5. (a) Single-shot probe and reference continuum pulse spectra transmitted by 2-iodoanthra- 
cene in cyclohexane 122 ps after 354 nm excitation; (b) nominal optical density spectrum log(l,/l); 
(c) optical density baseline in the absence of the 354 nm excitation pulse. 

Fig. 6. Optical density change derived from plots similar to those in Figs. 5(b) and 5(c) for acridine 
TTA at 432 nm in n-hexane vs. pumping energy at 354 nm (an energy of 10 corresponds to about 
5 pJ). The excitation pulse diameter at the sample was about O-1 mm and the probe pulse delay was 
122 ps. 

(e.g. from parametric four-photon emission [ 15, 171). As a result, the picosecond 
continuum pulses were not uniformly focused and overlapped with the excitation 
pulse in the sample, and the broad-band transient spectrum varied somewhat with 
both beam alignment and the particular horizontal strips of the I and I,-, spectra 
selected by the strobe delays D1 and D, (Fig. 4). Single-wavelength transient 
absorption data are not affected by this phenomenon (described elsewhere). 

9-Iodoanthracene was synthesized by catalytic iodination of anthracene in 
the presence of cupric fluoride by the procedure described by Baird and Surridge 
[20]. The bulk of the unreacted anthracene was removed by chromatography 
on Fluorosil and vacuum sublimation, and the 9-iodoanthracene was purified by 
preparative thin layer chromatography or preparative chromatography. The prod- 
uct was characterized by its mass spectrum and its nuclear magnetic resonance 
spectrum [21]. 2-Iodoanthracene was prepared by a Grignard synthesis starting 
with 2aminoanthracene; its purification and characterization were similar to 
those for the g-isomer. The S, f- So absorption spectra of the purified iodo- 
anthracenes in cyclohexane contrast with that of zone-refined anthracene (Fig. 7). 
The maximum of the lowest energy band of 9-iodoanthracene is red shifted 
relative to that in anthracene owing to the extension of conjugation in S1 along 
the short axis by meso halogenation [22]; the lowering of the S1 level by iodina- 
tion at position 2 is less marked. 
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Pig. 7. S1 + SO absorption spectra of anthracene (- - -), 2-iodoanthracene (- . -) and 9-iodo- 
anthracene (-) in cyclohexane. The absorbances are not mutually normalized. 

3. T,- T1 transient absorption 

Transient absorption spectra between 380 and 480 nm were obtained for 
cyclohexane solutions of both iodoanthracene isomers at probe pulse delays rang- 
ing from -12.6 to +291.5 ps relative to the 354 nm excitation pulse. Since the 
refractive index dispersion dn/d is about -2 x lo4 nm-’ between 430 and 
530 nm in carbon tetrachloride [23], the corresponding mean dispersion in con- 
tinuum delay due to group velocity dispersion alone is -0.13 nm’-’ in a cell 20 cm 
long. Delays are therefore specified at 432 nm, the long-time T, t T1 absorp- 
tion maximum for 2-iodoanthracene in cyclohexane (Fig. 5). The zero delay 
was determined in separate timing experiments using a carbon disulfide optical 
shutter cell (0.2 cm) gated by the laser fundamental in place of the aryl iodide 
sample. 

Spectral evolution occurs during the first 50 ps after excitation of the iodo- 
anthracenes, as initially broad triplet-triplet spectra sharpen into well-resolved 
long-time spectra (Fig. 8) analogous to previously reported TTA spectra of 
anthracene [12] and 9-bromoanthracene [13] (E,,, = 85700 and E = 66500 
respectively at 425 nm). This is similar to the dynamic spectral sharpening ob- 
served in YITA of acridine solutions (for long-time acridine PITA spectra see 
ref. 24; dynamic spectral evolution is described in ref. 16) and gas phase naph- 
thalene [25]. These spectral changes in iodoanthracenes do not uniquely deter- 
mine a vibrational thermalization time scale in T, because the S, + T, ISC which 
precedes the creation of vibrationally hot T1 by IC is staggered over several tens 
of picoseconds (the S1 state lifetime is about 68 ps for 9-iodoanthracene [21] 
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in cyclohexane at 23 “C). The spectral sharpening cannot be an artifact of group 
velocity dispersion, which in our apparatus only separates the continuum wave- 
lengths 420 and 440 nm by about 2.5 ps; this is less than the excitation pulse 
width of about 8 ps. 

The time dependence of the 432 nm optical density changes (obtained from 
subtractions of optical density plots analogous to Figs. 5(b) and 5(c) at each 
time delay and normalized to the pump pulse energy) is given for both iodo- 
anthracenes in Fig. 9. Since the 3B18 t ‘Bzu TTA is polarized normal to the 
S1 c So (lB2, c ‘Alp) excitation transition moment [26], orientational dif- 
fusion effects on rise times were eliminated by aligning a probe pulse analyzer 
54.7” from the normal to the 354 nm pulse polarization [27]. Data points and 
standard deviations were computed from at least three laser shots per delay. 
About 20 additional runs were performed as a check on beam alignment, pump- 
ing saturation and orientational relaxation; no observable decay of ‘ITA was 
found up to 292 ps. 

A kinetic model for the photophysical steps after the 354 nm excitation of 
the iodoanthracenes in cyclohexane (which creates S1 with about 3000 cm-’ of 
excess vibrational energy in the 9-isomer [21]) may be formulated as follows: 
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- photofragments 
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Fig. 8. Transient absorption spectra of 2-iodoanthracene in cyclohexane (a) 19 ps and (b) 122 ps 
after excitation. 

Fig. 9. Time-dependent optical density changes (dOD(i) = dOD(m){ 1 - exp(-t/r,)}) at 432 nm 
for (a) 9-iodoanthracene in cyclohexane and (b) 2-iodoanthracene in cyclohexane for various rise 
times rn: (a) -, rR = 10 ps; - --, tR = 50 ps; - . -, rR = 200 ps; (b) - --, ~a = 30 ps; 
- '_.,TR = 50 ps. The error bars are twice the standard deviation of the normalized optical density 
changes at each delay. 
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Z&(v) and Z&(T) denote Franck-Condon and Boltzmann vibrational populations 
in the lowest excited singlet state; /CT, k Isc, kIc and kd are phenomenological rate 
constants for vibrational thermalization, S1 + Tz ISC (averaged by Boltzmann 
factors over the S1 vibrational manifoId), Tz + T1 IC and predissociation of T2 
into a repulsive triplet state respectively. in the limit of rapid vibrational ther- 
malization within S1 (kkT s k Isc [21]) the T1 state population NTl(t) then obeys 

N-df) = Nsl(O) k  

kx 
IC 

+k 
d 

k’ ew--kid) + disc exp(--k?) 

K - krsc k’ - k,,, I (2) 

where K = kIc + kd denotes the rate constant for first-order decay of T2. The 
TTA rise times in Fig. 8, which are well reproduced within scatter by the single 
exponential function d OD(t) = d OD(=){ 1 - exp(-t/ra)}, are compatible 
with this kinetic model if K = krc + kd S= kIsc and if krsc = rRsl. For 9-iodo- 
anthracene the rise time tR = 50 ps in Fig. S(a) is consistent with the room tem- 
perature fluorescence lifetime [21] of about 68 ps, considering the large standard 
deviations inherent in the present multishot data and in fluorescence lifetimes 
evaluated by carbon disulfide optical shutter gating. The rise time for 2-iodo- 
anthracene is nominally shorter (Fig. 8(b)), although the optical density standard 
deviations are larger than the difference between the optical density changes 
detected in the two isomers. The S1 origin of 2-iodoanthracene lies about 700 
cm-’ above that in the 9-isomer, so that a smaller activation energy for S1 + T, 
ISC is anticipated if the triplet levels are comparatively unafffzted by halogena- 
tion . 

The T1 formation yieId in 9-iodoanthracene was standardized to that of 
acridine in n-hexane (which exhibits a 432 nm TTA spectrum [ 14, 251 akin to 
that in anthracenes) using samples of equal optical density at 354 nm. The ratio 
of S1 --j T, ISC quantum efficiencies is reiated to that of the corresponding long- 
time 432 nm optical density changes AOD by 

~rsc9-1A 
= 

EnACR r,ACR A OD 9-IA 

ETT9-IA 1~9-1A A ODACR (3) 

where I, denotes pumping energy and Ed is the ?TA coefficient at 432 nm. 
The reported value for qIsCAcR is 0.4 [14]; approximating cmg-IA by the TTA 
coefficient for 9-bromoanthracene in cyclohexane then yields an estimated 47 LsC9-1A 
of about 0.2 for the S1 + T1 ISC quantum efficiency in 9-iodoanthracene. This 
implies that klC/(kd + k& = 0.2 in kinetic scheme (1) or that kd/kIc = 4. 
The foregoing analysis rests on the assumptions for the TTA coefficient .+-r9-IA 
and for pIsCACR as well as on the validity of our kinetic model (which is dis- 
cussed in Section 4). The spectral FWHM of the 432 nm 2-iodoanthracene TTA 
spectrum in Fig. S(b) exceeds that of the 425 nm 9-bromoanthracene peak in 
cyclohexane [13] by a factor of 1.2 at most. If cTT9-IA were (conservatively) half 
the value of the 9-bromoanthracene TI’A coefficient [13] (66500 + 3250) and 
if p, ISCACR were unity instead of 0.4, we would obtain k,,l(k, -t k,) = 0.8, 
implying that T1 is still formed with less than unit quantum efficiency. 
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The rise time data in Fig. 8 furnish only a lower limit for kd + kIc. Since 
(kd + kIc)-l 3 10 ps would have created a noticeable inflection point charac- 
teristic of biexponential growth (eqn. (2)) in Fig. 8, kd + klc has a lower bound 
of about 101’s-l. 

Photoproducts from irradiation of benzene and cyclohexane solutions of 
9-iodoanthracene by a 200 W high pressure mercury lamp in an optical bench 
photoreactor were analyzed by high pressure liquid chromatography. The 
major photolysis products from 9-iodoanthracene exposed to Pyrex-filtered 
light (A > 300 nm) in benzene under argon were 9-phenylanthracene and iodine, 
with anthracene in smaller yields. The excitation of 9-iodoanthracene in cyclo- 
hexane under argon for 1 h at either 313 or 366 nm (10 nm excitation bandpass) 
yielded about 10 % conversion to anthracene, corresponding to a dehalogenation 
quantum yield of less than 0.1. This is a lower bound to the quantum efficiency 
for the primary photodissociation because of the extensive geminate recombina- 
tion of photoproduct radicals (dynamic evidence for the geminate recombination 
of iodine atoms in iodine solution photodissociation is given in ref. 28). 

4. Discussion 

Each of the dhotophysical steps in the proposed kinetic scheme (1) has 
been extensively explored in other aryl halides. The fluorescence quantum yield 
[29, 301 and lifetime [21] measurements on 9-haloanthracenes in various solvents 
have demonstrated that the S1 state non-radiative decay is markedly temperature 
dependent. Since the vibrationless T1 state lies about 12000 cm-’ below Sr, 
the S1 decay is dominated by S1 + T, ISC to some higher triplet which lies above 
S1 in 9-substituted anthracenes. The presence of such a level has been confirmed 
by Gillispie and Lim [lo], who combined T, + T, triplet-triplet fluorescence 
(TTF) spectra (peaking at 800 - 900 nm [lo] in substituted anthracenes) with 
T1 + So phosphorescence spectra to show that T, lies about 330 cm-’ and 780 
cm-’ above S1 in 9-bromoanthracene and 9,10-dibromoanthracene respectively. 
The picosecond fluorescence lifetime measurements [2 l] on 9-iodoanthracene 
in cyclohexane at 23 and 65 “C provide explicit evidence that vibrational ther- 
malization in S1 proceeds rapidly compared with ISC from S1. 

Anomalies in TTF quantum yields [3 1 ] have cast doubt on the a priori plau- 
sible assignment of T, as T2(3BIg). The TTF quantum yield, assuming that such 
a T2 level decays primarily by IC to T1, would be given by Q)~~&T~.+T~*~~/ 
k _ Ic, in terms of the S1 + Tz ISC yield and the rate constants for radiative 
a% z&-radiative Tz state decay. Reasonable estimates are available [3 l] for 
~prsc and &&ad; a value of about (200 ps)-’ for the non-radiative IC rates 
has been inferred indirectly from photosensitization experiments in 9-substituted 
anthracenes [32]. The combined data project a TTF quantum yield of about 
10s5, which exceeds experimental TTF quantum yields by factors of up to 103. 
Hence, the IC rate constant estimated from photosensitization studies may be 
too small. 

Additional evidence that T1 in non-photoactive anthracenes is populated 
at a rate appreciably faster than (200 ps)-’ is furnished by recent picosecond 
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TTA experiments [33] which have shown that rise times of T, formation in sev- 
eral nitroanthracenes range from 70 to 90 ps. Since the fluorescence lifetimes of 
the nitroanthracenes are not known, these rise times provide a minimum value of 
about 1.4 x 10” s-l for IC leading to T1. An interpretation of our TTA rise 
times for the iodoanthracenes in terms of kinetic model (1) would conservatively 
require that kd + kIc = 5 klc 3 10kIsc, i.e. kIc 3 4 x lOlo s-l (or (25 ps)-‘). 
Leeway in the parameters employed in calculating the IC and dissociation branch- 
ing ratios (e.g. smaller +-r9-rA or larger qIsCACR than used in Section 3) may 
relax this lower bound somewhat, but it is unlikely that kIc in the iodoanthra- 
cenes is as small as (200 ps))‘. 

In this context, an energy gap law correlation of IC rates compiled by Gil- 
lispie and Lim [34] for several S1 + So and Tz + T1 processes in aromatic hydro- 
carbons is of interest. The non-radiative rate may be written using the golden 
rule expression [35] 

k s+l = ~~.lrI(Oln)126(AE,,-nAw) 

for IC between a vibrationless electronic state s and the isoenergetic vibronic 
levels in electronic state 1 with n quanta in a promoting vibrational mode. Here, 
psi is the electronic matrix element of the non-adiabatic coupling, ] { 0 In) 1 2 is 
the Franck-Condon factor between initial and final (displaced) vibrational states 
and d E,, is the electronic energy gap between states s and 1. When n = dE,,/fiw 
is large, the IC rate reduces to 

s exp(-d ) exp{+z(ln n/A - l)} 

where A = ,uw(Q,“- Q,“)2/2h is a dimensionless parameter which incorporates 
the reduced mass and the shift equilibrium position for the IC-promoting mode. 
If the electronic matrix elements PSI, the equilibrium position shifts and the quanta 
Ro of the promoting modes vary little between different IC processes in aromatic 
hydrocarbons [36], the IC rate correlates uniquely with the normal mode structure 
and the electronic energy gap AEsl. Gillispie and Lim have shown that such a 
correlation is remarkably well borne out for experimental rates of S, + So pro- 
cesses in pentacene, coronene, naphthalene, anthracene and tetracene as well 
as for the T2 --;, T1 process in naphthalene: energy gap law projections and ex- 
perimental IC rates differ by a factor of about 2.5 at most. In this scheme the 
predicted T2 + T1 IC rate [34] in anthracene (A&, I- 12 000 cm-l) is 5 x 10’ 

-l S = (200 ps)-? Th e cumulative evidence from TTF quantum yields, TTA rise 
times in nitroanthracenes and the present data thus indicate a breakdown in the 
energy gap law correlation when applied to T2 + T1 IC in anthracenes. 

A possible origin for this discrepancy is the presence of at least one addi- 
tional triplet state between S1 and the triplet state populated by ISC from S1. IC 
would then proceed rapidly (in the usual sense of the energy gap law) between 
the nearly degenerate triplets and would be followed by slower IC to T, in non- 
reactive anthracenes. The anomalously low TTF quantum yields may then be 
explained if the intermediate triplet is not optically connected to T1 [3 11. Ac- 
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celerated T3-+=T1 IC (relative to the energy gap law prediction) may arise from 
the proximity effect [37] via vibronic coupling between the closely spaced trip- 
lets. If the Tz and Tj levels are of 3B3u and 3B1s symmetry as has been suggested 
[31], they may be coupled by low frequency in-plane bzu skeleton modes. It is 
not unlikely that near degeneracy occurs between two triplets lying near S1, con- 
sidering the local density of electronic triplet states predicted in Fig. 1. 

Ultrafast gas phase predissociation of other aryl iodides has been demon- 
strated by Dzvonik et al. [I] in photofragment angular distribution studies of 
halogen atoms from Hg-Xe arc photolysis of iodobenzene, a-iodonaphthalene 
and 4-iodobiphenyl. Predissociation lifetimes for these species (excited primarily 
in their ‘BZu and ‘(n,a*), S2, and ‘L, states respectively) were inferred from 
anisotropies in the iodine atom angular distribution and known rotational periods 
of the aryl iodides and were all found to be less than 1 ps. What, then, accounts 
for the contrast between the subpicosecond predissociation time scale of these 
volatile aryl iodides and the primary S1 state decay in iodoanthracenes, which 
requires tens of picoseconds? In the Band-Freed formulation [6 - 81 of the rate 
for predissociation of a vibrationless bound state into a repulsive state for vibra- 
tionless fragments, a critical factor in the transition amplitude is an overlap inte- 
gral along the reaction coordinate Q between the continuum state S,(Q) and an 
effective harmonic oscillator wavefunction whose force constant and equilibrium 
position Q,-, depend on the parent and fragment normal modes: 

I =__(3Q SE(Q) expkr(Q - Qd") (6) 

By approximating S,(Q) with the Airy wavefunction for a linear repulsive po- 
tential with slope F and classical turning point Q = Qt, we obtain [6] an analytical 
expression for the Franck-Condon factor 

I= exp{-P2’3(Qo- QJ} Ai (7) 

which decreases rapidly with increasing separation between the effective oscil- 
lator position and the repulsive state turning point. (The quantity /3 = (+F)2’3 
depends on the reduced mass of the photofragments and on the slope of the 
repulsive potential .) 

Possible potential energy curves relevant to predissociation of the volatile 
iodides (excited between about 33 000 and 42 000 cm-‘) and the iodoanthra- 
cenes (vibrationally relaxed So state energies of about 25 000 cm-‘) are given 
in Figs. 10(a) and 10(b) respectively. If the C-I bond dissociation energies and 
projections of 3(x,o*) potential energy surfaces along the reaction coordinate are 
similar, the bound-continuum overlap integral may increase rapidly with excited 
singlet energy, depending on the dissociation potential slope F. If predissociation 
of an initially pumped singlet state is slow (as in Fig. 10(b)), the singlet may decay 
by 1% into a bound triplet which is subsequently predissociated in a rapid spin- 
allowed process. The representation in Fig. 10 is necessarily conjectural: there is 
no reliable basis at present for treating the aryl iodide dissociation energy or 
dissociative potential as local bond properties, and the variation in singlet state 
effective oscillator position (tacitly treated as constant in Fig. 10) with the nature 



448 

w 
SO 

‘- (4 

w s, 

’ - (b) 

Fig, 10. Bound and continuum states in the reaction coordinate Q for predissociation of aryl iodide 
singlet states with different energies. The effective oscillator equilibrium position and the repulsive 
state classical turning point are separated by AQ. 

of the aryl substrate is difficult to assess. The present role of the solvent bath in 
S1 state thermalization also complicates comparisons between our iodoanthracene 
data and the gas phase photofragment studies, although it is clear that the vibra- 
tioniess S1 state in iodoanthracenes is predissociated much more slowly than the 
singlets excited between 230 and 300 nm in iodobenzene, 4-iodobiphenyl and 
l-iodonaphthalene. 
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