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Letters to the Editor 

SEP spectra of highly vibrationally excited HFCO(So ), 
Fig. 1, were recorded from 13 000 to 23 000 cm - I. Dumping 
efficiencies were as high as 60%. From SEP and dispersed 
fluorescence (.:lv;::::20 cm -I) spectra? it is clear that HFCO 
can be prepared in any Frank-Condon favored level of So up 
to at least 23 000 cm - I, where quantum states are severely 
broadened. Vibrational assignments to out-of-plane (v6 ) 

and CO stretch (v2 ) bands are based on these spectra. The 
simple band structures contrast greatly to the rotationally 
congested, broad spectra obtained by direct overtone excita
tion II at room temperature. A striking feature of the SEP 
spectra is the strong variation of line widths among vibra
tional bands. Linewidths of the 21 616 and 22 614 bands are 
laser (0.2 cm -1 )-limited. However, the 2863 linewidth is 
1.5-2.0 cm - 1, at least 10 times larger than for other bands in 
the same energy range. This variation was observed from 
17 000 to 22000 cm - 1. Some vibrational bands which 
showed strong dispersed fluorescence peaks were not detect
ed in SEP spectra and must be too broad to be observed easily 
by SEP spectroscopy. For a given total energy, levels with 
more V 2 and fewer V6 quanta are usually broader. Since 
broad lines are observed only above the threshold for disso
ciation, it is not clear whether broadening is due to intramo
lecular vibrational energy redistribution(lVR) or to disso
ciation. Higher resolution spectra are needed to reveal the 
structure of single molecular eigenstates from IVR or the 
smooth lifetime broadening of dissociation. Abramson et al. 6 

observed broad peaks in SEP spectra of acetylene at 28 000 
cm - 1 which is below the dissociation threshold. In their 
spectra all the peaks observed were broad (1.5 cm - 1) in 
contrast to our result, and their broad features were ex
plained in terms of IVR. The HFCO (So) linewidths show 
that there is a striking mode selectivity in IVR and/or disso
ciation. 

This work clearly demonstrates that vibrational levels of 
HFCO both above and below the dissociation threshold may 
be prepared by stimulated emission pumping. Vibrational 
mode specificity is observed for linewidths. In the future, the 
spectroscopy and dynamics of single molecular eigenstates 
ofHFCO will be studied using narrower bandwidth lasers to 
explore state specificity in the fully resolved limit. 

This research has been supported by Grant No. CHE88-
16552 from the National Science Foundation. We are grate
ful to M. J. Berry for several Ph.D. theses on HFCO from his 
laboratory. We thank Y. T. Lee for the loan of a dye laser. 
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Diffusion influenced reactions at short times: Breakdown 
of the Debye-5moluchowski descriptiona) 
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Diffusion influenced reactions are limited by the rate at 
which the reactive species (A and B) form an encounter 
pair. As the nearest neighbors are depleted the reaction rate 
decreases leading to a time dependent rate coefficient. For 
neutral reactants the Smoluchowski equation I with the Col
lins and Kimba1l2 condition of a finite absolute reaction rate 
(radiation boundary condition) and the general case of hard 
spherical particles, has proven to be a quite accurate descrip-

tion of the overall reaction. Recently, several groups have 
extended the Collins-Kimball description to charged reac
tants3

-6 by using the Debye-Smoluchowski equation (DSE) 
to describe the system. The DSE has no known exact solu
tion and the approximate solutions are of the form 

k(t) = a + b exp(c2t)erfc(c{t) , (1) 

where a, b, and c depend on the mutual diffusion coefficient 
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(D), the encounter distance (R), the reaction velocity K a , 

and the Onsager length rc = ZIZzez/41TEEokBT.7 At short 
times and small distances the molecular nature of the solvent 
in which the reaction occurs should become important and a 
continuum description of the solvent should break down. 
This topic has been of interest in ultrafast spectroscopy since 
the pioneering experiments of Eisenthal and co-workers on 
iodine dissociation and recombination.8 More recent studies 
have shown that these experiments recorded vibrational re
laxation rather than geminate recombination and are thus 
unsuitable for testing expressions such as ( 1 ).9 A number of 
groups have recently tested expression (1) using fluores
cence quenchinglO-IZ and proton transfer reactions. 13 The 
expression was found to give an accurate description of the 
kinetics in the lOOps to 5 ns time scale. 

Our approach to testing (1) is to extend fluorescence 
quenching studies to the 0.5-200 ps time scale by exploiting 
the fluorescence upconversion technique. 14 Complementary 
studies extending to 3.5 ns but with lower time resolution 
were carried out using time correlated single photon count
ing. 15 The purpose of this communication is to report that 
the fluorescence decay (i.e., reaction rate) is much faster at 
short times than implied by the fits to the lower time resolu
tion data, in other words we are able to detect deviations 
from the Debye-Smoluchowski equation. 

The system studied was the aqueous electron transfer 
reaction of rhodamine B (Exciton, 1 X 10-4 M, cationic 
formpH 1.5) quenched by Fe(CN)6- 4 (Fischer) over the 
concentration range 0.1 to 0.25 M. Single photon counting 
data were collected at a resolution of 4.6 ps/channel (instru
mental function FWHM = 65 ps) and upconversion data at 
0.2 ps/channel (instrumental function FWHM 1.5 ps). No 
emission wavelength dependence of the decay curves was 
found in either type of experiment (emission wavelengths of 

10 

620-635 nm). This implies that both solvent relaxation and 
vibrational relaxation are fast on the time scales of these 
measurements. Fitting of the data was done by a direct non
linear least squares method 16 using iterative reconvolution 
with the appropriate instrument function. Several of the li
terature solutions3

,5,6 of the Debye-Smoluchowski equation 
were tested. Based on our photon counting data the solution 
provided by Green6 gave the highest quality fits. Consistent 
parameters and Xz< 1.35 for concentrations < 0.175 M were 
obtained using this approach, which will be described in de
tail elsewhere. 17 Our aim here is to show that such fits do not 
extend to the short time region. 

Figure 1 (a) and 1 (b) compare fits to photon counting 
and upconversion data, respectively, at the same quencher 
concentration (0.1 M). The solid line in Fig. 1 (a) is a fit to 
Eq. (1) with a fixed mutual diffusion constant (1.25 X 10-5 

cmz s - I) and an Onsager length of 2. 8 nm. The value of the 
rate coefficient is Ka = 1.70X 1010 M- 1 S-I (± 0.1 X 1010 
M- I 

S-I), with the conversion of Ka to the more familiar 
K a , and the reaction distance obtained from the fit is 2.3 nm 
( ± 0.3 nm). The residuals for this fit are shown above the 
curve. Figure 1 (b) shows upconversion data. The dashed 
line is a fit using the parameters of Fig. 1 (a). The true decay 
is clearly substantially faster over the first 50 ps than is pre
dicted by the parameters obtained from the lower time reso
lution data. In particular, it is clear that the decay is very 
rapid over the first 20 ps. Using the standard form ofEq. (1) 
we have not been able to obtain a good fit by increasing D at a 
fixed Ka, e.g., Ka = 1.70 X 1010 M -I S - I. Reasonably good 
fits (X; = 1.6-1.8) of the upconversion data can be obtained 
with a fixed D and much larger Ka values (at 0.1 M a Ka of 
5.2x 1010 S-I is required). A fit with this value of Ka and 
D = 1.25 X 10-5 cm2 

S-I is shown in Fig. l(b) (solid line). 
The same parameters do not describe the longer time behav-
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FIG. I. Single photon counting data 
(a) and upconversion data (b) with 
fits to the Green solution (Ref. 6) of 
the DSE with the residuals above the 
decays. (a) Solid line: D = 1.25 
X 10-5 cm2 s- l , K a =1.70XIO IO 

M - 1 S - 1 (lower residual plot); 
D=1.25XIO-5 cm2 s- l , Ka =5.21 
XIOIOM- 1 S-I (upper residual plot). 
(b) Solid line: D=1.25XIO- 5 

cm2 
S-I, and Ka = 5.21 X 1010 

M- 1 S-I (upper residual plot); 
dashed line D = 1.25 X 10-5 cm2 s - I, 

Ka = 1.70x 1010 M- 1 S-I (lower re
sidual plot) . 
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ior as shown by the dashed line in Fig. 1 (a). When a 
screened Onsager length 18 or a distance dependent diffusion 
coefficientl9 were used, slight improvements were observed 
in the higher concentration fits but similar trends were ob
served when comparing the long and short time behavior of 
the data. At higher concentration ( > 0.14 M) large devia
tions from Eq. (1) were apparent in both the photon count
ing data and the short time upconversion data. 

The general validity of the DSE at long times can be 
illustrated by the fact that both 0.1 and 0.1375 M SPC or 
upconversion data can be successfully fit err < 1.2) with the 
same values of D and K. An attempt was made to fit the entire 
time range with a stretched exponential form [exp ( - t / 
1") a ]. Again taking the 0.1 M data the photon counting data 
gave a = 0.90 and the upconversion data a = 0.55. Thus 
even with this highly nonexponential form it was not possi
ble to generate consistent parameters on both time scales. 

In summary the data presented here for ionic reactants 
show a breakdown of the Debye-Smoluchowski equation 
with the radiation boundary condition for times < 200 ps. 
The kind of deviations observed in our data is qualitatively 
similar to that predicted by Northrup and Hynes 19 as a result 
of caging effects. Further studies using neutral reactants are 
required to address this question. 

This work was supported by a grant from the NSE. We 
would like to thank John M. Jean, Edward Castner, Jr., and 

Robert M. Whitnell for their helpful advice and Norah She
metulskis for assistance in collecting the data. 
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Vibrational energy relaxation in a molecular monolayer at a metal surface 
A. L. Harris and N. J. Levinos 
AT& T Bell Laboratories, Murray Hill, New Jersey 07974 

(Received 31 October 1988; accepted 27 January 1989) 

This Communication presents time-resolved vibration
al energy relaxation measurements for a monolayer molecu
lar film at a flat metal surface, the first such direct vibration
al relaxation measurement at a bulk metal surface. I

-
3 The 

lifetime of the first excited state of a vibrational mode is 
measured by partially saturating the v = 0 to v = 1 vibra
tional transition with an intense, resonant picosecond in
frared laser pulse. The subsequent vibrational relaxation is 
probed with a time-delayed infrared-visible pulse pair to 
generate a reflected sum frequency mixing signal, which is 
vibrationally resonance enhanced.4-7 The magnitude of the 
resonance-enhanced sum signal is a measure of the popula
tion difference between the upper and-lower levels of the 
transition, if higher transitions are anharmonically shifted in 
frequency.s Thus, the recovery of the probe sum signal to its 
equilibrium value as a function of the probe pulse-pair delay 
is a measure of the v = 1 to v = 0 population relaxation rate 

Vibrational energy relaxation of the terminal methyl 
group C-H stretching mode was measured in a Cd stearate 
monolayer on an evaporated silver film. The ordered mono
layer, formed by Langmuir-Blodgett deposition, has an all
trans (CH2 ) 16CH3 chain oriented perpendicular to the sur
face with the terminal methyl group pointing away from the 
surface.6 Infrared light pulses of -3 ps duration and 10--30 
j.tJ pulse energy tunable from 2750--3050 cm -I, are genera
ted by stimulated electronic Raman shifting of tunable pico
second visible pulses in an atomic cesium vapor. 8 60%-70% 
of the infrared energy is used as a pump pulse, and the rest is 
overlapped temporally with 2-5 j.tJ of the visible light to 
form a pulse pair for sum frequency probing. All pulses are 
focused to the same 150 j.tm spot at the surface. The sum 
signal is monitored with a monochromator and photomulti
plier tube. 

Figure 1 illustrates a sum spectrum of one Cd stearate 
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