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The methods of stimulated emission pumping-hole-filling spectroscopysSEP-HFSd and population
transfer spectroscopysSEP-PTSd were used to place direct experimental bounds on the energetic
barriers to conformational isomerization in 3-indole-propionic acidsIPAd and its water-containing
complex. By contrast with tryptaminesPaper Id, IPA has only two conformations with significant
population in them. The structures of the two conformers are known from previous workfP. M.
Felker, J. Phys. Chem.96, 7844s1992dg. The energy thresholds forA→B andB→A isomerizations
are placed at 854 and 754 cm−1, respectively. Lower bounds on the isomerization barrier in the two
directions are determined from the last transitionnot observed in the SEP-PT spectra. These are
placed at 800 and 644 cm−1 for A→B andB→A, respectively. The combined results place bounds
on the relative energies of theA and B minima, with EsBd−EsAd=46–210 cm−1. Like the IPA
monomer, the IPA-H2O complex forms two conformational isomers. Both these isomers incorporate
the water molecule as a bridge between the carbonyl and OH groups of the carboxylic acid. Previous
rotational coherence measurementssL. L. Connell, Ph.D. thesis, UCLA, 1991d have determined that
these complexes retain the same IPA conformational structure as the monomers. SEP-PTS and
SEP-HFS were carried out on the IPA-H2O complexes. It was demonstrated that it is possible to use
SEP to drive conformational isomerization between the two conformational isomers of IPA-H2O.
Bounds on the energy barriers to conformational isomerization are not effected greatly by the
presence of the water molecule, withEbarriersA→Bd=771–830 cm−1 and EbarriersB→Ad
=583–750 cm−1. This is a simple consequence of the fact that the barrier is an intramolecular
barrier, and the water molecule is held fixed in the COOH pocket, where it interacts with the ring
only peripherally during the isomerization process. Finally, changes in the SEP-PT spectral intensity
in transitions near the top of the barrier to isomerization as a function of the position of SEP
excitation relative to the pulsed valve exit provide some insight to the competition between
vibrational relaxation and isomerization in a molecule the size of IPA. ©2005 American Institute
of Physics. fDOI: 10.1063/1.1924455g

I. INTRODUCTION

In the preceding papersPaper Id,1 the methods of stimu-
lated emission pumping-hole-filling spectroscopysSEP-
HFSd and stimulated emission pumping-population transfer
spectroscopy2 sSEP-PTSd were employed to place bounds on
the energy barriers to isomerization in tryptaminesTRAd. In
that case, there were seven conformational isomers with sig-
nificant population. This tested the method’s ability to selec-
tively study the barriers to conformational isomerization for
specificX→Y conformational reactant-product pairs, even in
a complicated situation where many conformations were
present simultaneously in the expansion. In the present pa-
per, we extend these measurements to three-indole-propionic
acid sIPAd. IPA and TRA differ from tryptophan by the re-
moval of a NH2 or COOH group, respectively.

In many ways, IPA is far easier to study with hole-filling
methods than TRA, because IPA has only two conforma-
tional isomers with significant population in the supersonic
expansion. Figure 1sad shows these two conformations, de-
termined from rotational coherence measurements of Felker.3

Our primary interest then is to use IPA as a second test case
for obtaining accurate barrier heightssfor A→B andB→Ad
and relative energies of the minimafEminsBd−EminsAdg, for
comparison withab initio and density-functional theory
sDFTd.

Second, the high signal-to-noise ratio of the scans in IPA
enables us to explore the dependence of the population trans-
fer spectra on the collisonal cooling conditions in the expan-
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sion. Because the experimental protocol requires recooling
the laser-excited conformations prior to probing the product
downstream in the expansion, conformational isomerization
necessarily occurs in competition with vibrational relaxation
into the initially excited well. As we shall see, for vibrational
energies near the top of the barrier, faster collisional cooling
reduces the isomerization product yield. These data will be
used to explore the potential of the method for extracting
energy-dependent isomerization rates.

Finally, the method of SEP-population transfer spectros-
copy is applied here for the first time to a molecular com-
plex, IPA-H2O. In principle, such measurements are a pow-
erful new probe of the influence of solvent molecules bound
at particular sites on the barriers to a flexible molecule’s
conformational isomerization. In the case of IPA, the COOH
group provides a pocket in which water binds preferentially,
forming a doubly H-bonded bridge between the CvO and
OH groups, as shown in Fig. 1sbd.4 The IPA-H2O complex
exists in the same two IPA conformations as the monomer,5

suggesting that this single water molecule has little influence
on the inherent conformational energetics of the IPAminima.
Here the SEP-population transfer spectra are used to study
the influence of the water molecule on thebarrier to isomer-
ization. As we shall see, in IPA-H2O, the energy barriers so
determined are very similar to those in the monomer, consis-
tent with the fact that the water molecule is held in a position
remote from the conformational reaction coordinatesinternal
rotation about the Csad–Csbd bondd.

II. METHODS

A. Experiment

The experimental setup has been described in detailsPa-
per Id.1 Briefly, solid samples of IPA were resistively heated
to 400–410 K and entrained in a flow of helium at a backing
pressure of 6 bars. A pulsed valves1.2-mm orificed operating

at 20 Hz is used to cool the molecules into their conforma-
tional zero-point levelssZPLd in a supersonic expansion. To-
tal flow rates of 2310−3 bar L/s in a 1.0–1.5-ms gas pulse
were used. Water clusters were formed by flowing helium
through a pickup cell at room temperature and adjusting the
flow until a 0.1% water concentration was achieved. The
experimental conditions used to obtain SEP and SEP-
population transfer spectra of IPA monomer and the IPA-
H2O complex were similar to those used in the preceding
paper on tryptamine.1 The three UV sources employed were
tunable dye lasers pumped by the second harmonic of
Nd:YAG syttrium aluminum garnetd lasers using Fluorescein
27 in both the pump and probe and a R6G/610 mix in the
dump.

B. Calculations

Full optimizations of the two lowest-energy minima of
IPA and IPA-H2O were carried out using theGAUSSIAN03

suite of programs6 employing the Becke3LYP7,8 functional
with the 6-31+Gsdd sRef. 9d basis set.10 Transition state
structures were located by using quadratic linear searches
employing the QST3 method in G03. The optimized transi-
tion state structures were verified by the presence of a single
imaginary frequency in the harmonic normal modes.

III. RESULTS

A. LIF spectra

Figure 2 presents the LIF excitation spectrum of IPA
monomer and its water complexes in theS1←S0 origin re-
gion. UV-UV hole-burning spectroscopy by Carneyet al.4

confirmed that all observed transitions of IPA monomer can
be accounted for by two conformations. TheS1←S0 origin
transitionssA at 34 965 cm−1 and B at 34 918 cm−1d have
been the subject of rotational coherence studies,3 which have
determined that IPAsAd and IPAsBd are the gauche and anti
structures shown in Fig. 1sad, respectively.

The S1←S0 origin transitions of the IPA-H2O complex
are also labeled in the figure. Rotational coherence studies5

have shown that the IPAsAd and IPAsBd monomer confor-
mations are retained in the water complexes, as one might
surmise based on the close proximity of the origin transitions
of the monomer and water complexes. Resonant ion-dip in-
frared spectra4 of IPAsAd-H2O and IPAsBd-H2O are consis-
tent with the water molecule forming a H-bonded bridge
between the CvO and OH sites of the COOH group.

To observe the population changes induced by the SEP
process, the majority of the IPA-H2O complexes must be
formed prior to SEP excitation. Figure 2sbd presents a down-
stream LIF scan taken at the probe position ofx/D=6 while
Figure 2scd presents the LIF taken at the SEP excitation po-
sition of x/D=2.5. Herex is the distance from the nozzle
orifice, andD is the orifice diameters1.2 mm in this cased.
The transition intensities of the IPA-H2O complex transitions
have reached their final fractional abundance relative to the
monomer transitions by 3.0 mm downstream, which is the
distance where SEP excitation occurs.

FIG. 1. Assigned structures of the experimentally observed conformational
minima of sad IPA and sbd IPA-H2O complexes. The assignments are con-
sistent with previous work. The side view of the IPA-H2O complexes high-
light the insertion of the water molecule into the -COOH pocket resulting in
a H-bonded bridge between the CvO and the -OH sites.
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B. SEP spectra

Figures 3sad and 3scd show SEP spectra of the IPAsAd
and IPAsBd monomers, respectively, following selective ex-
citation of theirS1←S0 origin transitions. These spectra were
recorded by depleting the fluorescence from the selected ori-
gin transition with the tuned dump laser, as described in Pa-
per I. The abscissa is plotted as the energysin wave num-
bersd above the vibrational zero-point level of the excited
monomer.

The SEP spectra of the two monomer conformations are
very similar to one another, with strong transitions localized
on the indole ring, and hence rather insensitive to the con-
formation of the propionic acid side chain. Note the different
energy ranges of the two SEP spectra, which highlight the
region of interest for the SEP-PT spectra.

The analogous scans of IPAsAd-H2O and IPAsBd-H2O
are shown in Figs. 4sad and 4scd, respectively. Once again,
the spectra are similar to one another, and to those of IPA
monomer, consistent with the remote site of attachment for
the water molecule relative to the indole ring.

C. SEP-population transfer spectra

1. IPA monomer

Since the IPA monomer has only two populated confor-
mations in the expansion, there are only two reactant-product

pairs of consequence; namely, IPAsAd→ IPAsBd and
IPAsBd→ IPAsAd. SEP-PT spectra of these two processes are
shown in Figs. 3sbd and 3sdd, respectively. Since excitation
of A can transfer population only toB, and vice versa, the
population transfer is efficient, creating SEP-PT gains with
excellent signal-to-noise ratio, so that even weak transitions
in the SEP spectra are observable in the SEP-PT spectra.

For the IPAsAd→ IPAsBd isomerization, the first ob-
served and last unobserved transitionsfmarked by dashed
lines in Fig. 3sbdg are at 854 and 800 cm−1 above theA ZPL,
respectively. In this case, the intense transitions in the SEP
spectra at 757 and 767 cm−1 are just below this region. Their
complete absence from the SEP-PT spectrum of
A→B illustrates the sharp nature of the threshold for the
isomerization. The small depletions observed in their place
result from a competition between SEP and fluorescence. Be-
low threshold, the dump laser drives population exclusively
back down into theA reactant well. The population change
monitored in SEP-PT spectroscopy is the difference in popu-
lation in the product channel with or without the dump laser
present. If fluorescence creates a ground-state energy distri-
bution which extends above the barrier to isomerization, then
the SEP process will decrease the amount of productB
formed, producing a small depletion in below-barrier transi-
tions, as observed.

FIG. 2. sad Laser-induced fluorescence excitation spectrum of IPA and IPA-
H2O complexes in the region of theS1←S0 origins. sbd The “downstream”
LIF spectrum taken at the probe position ofx/D=6. scd The “upstream”
spectrum taken at the SEP excitation position ofx/D=2.5. The intensities of
the IPA-H2O transitions have reached their final fractional abundance rela-
tive to the monomer byx/D=2.5.

FIG. 3. sad SEP spectra of IPA-A. sbd SEP-population transfersPTd spectrum
for A-B. The inset is expanded32 to highlight the sharp onsetsupper
boundd for population gain at 854 cm−1. scd SEP spectrum of IPA-B. sdd
SEP-PT spectrum forB-A. The question mark signifies the questionable
bound due to poor signal to noise.
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The first transition observed in the IPAsBd→ IPAsAd
spectrum of Fig. 3sdd is the intense transition at 754 cm−1.
Determination of the last unobserved transition is less obvi-
ous in B→A spectrum, since there is a small bump at the
position of the 644 cm−1 transition, just above the level of
the noise. A firm lower bound occurs at 575 cm−1, but the
intensity of the 644-cm−1 transition is just large enough we
will use this transition as the lower bound for further discus-
sion. Using the 644-cm−1 transition as a lower bound, the
combined results place bounds on the relative energies of the
A andB minima, with the ZPL of conformerB 46–210 cm−1

above the ZPL ofA:

EsBd − EsAd = fEthreshsA → Bd − EsAdg

− fEthreshsB → Ad − EsBdg

= s800 − 854d − s644 − 754d

= 46–210 cm−1.

2. IPA-H2O

The LIF spectrum showing both the monomer and water
complex transitions is shown in Fig. 2sbd. The majority of
the IPA-H2O complexes must be formed prior to SEP exci-
tation to observe any changes induced by the SEP excitation.
The intensities of the IPA-H2O complex transitions have
reached their final fractional abundance relative to the mono-
mer transitions by 3.0-mm downstreamfFig 2scdg, which is
the distance where SEP excitation occurs. Therefore, cluster
formation between the SEP excitation and the probe position
is not contributing and any changes in the population can be
attributed to the SEP excitation process.

The analogous PT spectra of theA→B and B→A
isomerization processes in the IPA-H2O complex are shown
in Figs. 4sbd and 4sdd, respectively. The thresholds occur at
nearly identical positions to those in the monomer, with first
observed/last unobserved transitions occurring at
771/830 cm−1sA→Bd and 644/754 cm−1sB→Ad. The miss-
ing band at 644 cm−1 in the B→A spectrum is a less firm
lower bound than that inA→B, because the former band’s
intensity is so weak in the SEP spectrum. Combining the
threshold data for theA→B and B→A directions yields
bounds on the relative energies of the minima of

EfIPA − H2OsBdg − EfIPA − H2OsAdg

= s771 − 830d − s644 − 754d

= 21–247 cm−1. s1d

3. Comparison with calculations

Table I compares the experimental measurements of the
thresholds and the relative energies of the minima with the
computed values for the minima and transition states calcu-
lated at the DFT Becke 3LYP/6-31+Gsdd level of theory.

As shown in Fig. 1sad, the calculations correctly predict
that the two lowest-energy conformers of IPA are those in
which the COOH group is GpysAd and antisBd, respectively.
According to the calculation, these minima are nearly isoen-
ergetic with one anotherfEsBd−EsAd=0.022 kcal/mol
=8 cm−1g. Based on previous relaxed potential-energy scans
for IPA,11 the lowest-energy pathway for isomerization be-
tween these two structures involves a simple hindered rota-
tion about the Ca–Cb bond, with a transition state in which
the COOH group is eclipsed with one of the Cb hydrogens.

FIG. 4. sad SEP spectrum ofA-H2O. sbd SEP-PT spectrum ofA-H2O
–B-H2O. The inset is magnified by 3.scd SEP spectrum ofB-H2O. sdd
SEP-PT spectrum ofB-H2O–A-H2O.

TABLE I. Calculated and experimental energy thresholds and relative energies of IPA and IPA-H2O complexes.

Isomerization reaction
Calculated

Ethresh
c

Experimental
Ethresh

Calculated
EsBd−EsAd

Experimental
EsBd−EsAd

IPAsAd→ sBda 750 800-854 8 46-210
IPAsBd→ sAda 742 644-754 ¯ ¯

IPAsAd-H2O→ sBd-H2−O
b 780 771-830 8 21-247

IPAsBd-H2O→ sAd-H2−O
b 772 583–750 ¯ ¯

aAll energies are reported in wavenumbersscm−1d relative to IPAsAd, the lowest-energy minimum.
bAll energies are reported in wavenumbersscm−1d relative to the IPAsAd-sH2Od1, lowest-energy minimum.
cCalculated values are DFT/6-31+G* zero-point corrected 1 kcal/mol=4.184 kJ/mol=350 cm−1.
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At the DFT B3LYP/6-31+Gsdd level of theory, this transi-
tion state is 2.14 kcal/mols750 cm−1d above IPAsAd minima,
including zero-point energy corrections.

As explained in Paper I, in the absence of tunneling
effects, the first observed transition in the PT spectrum
places a firm upper bound on the energy barrier to isomer-
ization. The last unobserved transition places a lower bound
on this energy barrier if kinetic shifts are negligible, a point
to which we will return shortly. We see that the calculated
barriers750 cm−1 for A→B and 743 cm−1 for B→Ad closely
matches these experimental boundss800–854 cm−1 for
A→B and 644–754 cm1 for B→Ad. Since movement of the
entire COOH group is involved, tunneling is not likely to
contribute to the dynamics appreciably.

The two lowest-energy structures computed for the IPA-
H2O complexfFig. 1sbdg retain the gauche and anticonfor-
mation for the COOH group, with water forming a
hydrogen-bonded bridge between the CvO acceptor and
OH donor sites. The analogous transition state separating
these minima is very similar in energys780 cm−1d and struc-
ture to that in the bare molecule, consistent with the near-
identical thresholds for monomer and complex observed ex-
perimentallysTable Id.

4. Threshold effects

Figure 5 presents a series of SEP-PT spectra for theA
→B isomerization taken with the SEP lasers at varying dis-
tances from the nozzle orifice. Since the collision rate is
inversely proportional to the square of this distance, this se-
ries tests the effects of this changing collision rate on the
intensities of the transitions in the spectra. Since the PT spec-
tra measure the amount of population transferred intoB from
A, any changes in the intensity with collision rate reflect the
competition between the energy-dependent isomerization
rate and the collisional cooling rate. The collision-free SEP
spectrum is given in Fig. 5sad for comparison.

Note that the intensity of the first observed transition at
854 cm−1 is smaller in thex/D=2.5 scanfFig. 5sbdg and
gradually increases to near its relative intensity in the SEP
spectrum byx/D=4.7. This change inx/D changes the col-
lision rate at the point of excitation by a factor of 3.5. Note
that other transitions further above threshold remain constant
in size, consistent with the rate of isomerization being much
greater than the cooling rate at these higher energies. In no
case there is an appearance of new bands below the
854 cm−1 threshold, indicating that there is a negligible ki-
netic shift in the measured onset for isomerization in the IPA
monomer. However, the observation of a change in intensity
indicates that collisional cooling can compete with isomer-
ization near threshold, and could produce larger kinetic shifts
in other circumstances where the threshold isomerization rate
is slower. We will take up a more quantitative discussion of
these effects in the discussion section.

IV. DISCUSSION

A. Contrasting the potential-energy surfaces of IPA
and TRA

Three-indole-propionic acid sIPAd differs from
tryptaminesTRAd, the subject of Paper I, by substitution of a

carboxylic acid group for the amino group in the latter mol-
ecule. In an earlier publication,11 we carried out a computa-
tional study of these molecules in order to understand why
TRA has seven conformations with significant population
under expansion cooling, while IPA has only two. By carry-
ing out relaxed potential-energy scans along various flexible
coordinates, it was established that TRA has a threefold po-
tential for internal rotation of the NH2 group with substantial
barriers separating the minima that can trap population in the
wells as cooling occurs. Furthermore, the small size of the
NH2 group, and its ability to form weakp H bonds with the
indole ring, stabilize gauche minima on both the pyrrole and
phenyl rings of indole. Only the Gpysind and Gphsind con-
formers are destabilized by the repulsion between the amino
lone pair and the aromaticp cloud, producings333d−2
=7 energetically similar minima with substantial barriers
separating them.

In contrast, in IPA, the bulkier, planar COOH group pre-
fers to have the CvO group eclipsed with theCsad–Csbd
bond, only supporting shallow minima with small barriers at
configurations perpendicular or antiparallel to thisfFig.
1sadg. Furthermore, the larger size of the COOH raises the

FIG. 5. sad SEP spectrum ofA. A series of SEP-PT spectra recorded with the
SEP excitation atsad x/D=2.5,scd x/D=3.6,sdd x/D=4.7. The sharp onsets
to population gain are shown magnified twice to highlight the increase in
population gain as a function of decreasing cooling rate. The ratios of the
bands marked with an asterisk exemplify the increase in gain as the cooling
rate decreases. Note that in all cases, no new bands are observed to appear
below the 854 cm−1 band.
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energies of minima in the gauche position in the phenyl side
of the indole ring. As a result, most of the population resides
in the two lowest-energy minima in IPA, either Gpysdownd
or antisdownd structuressA and B, respectivelyd. Further-
more, population initially in the high-lying minima is effi-
ciently funneled down intoA or B under expansion cooling
due to the small barriers that separate the other minima from
the deep wells due toA or B.

The relaxed potential-energy scans also clarify the
lowest-energy isomerization pathway connecting minimaA
and B. This pathway involves a simple internal rotation
about the Csad–Csbd bond that swings the COOH group
from the Gpy to the antiposition. The computed barrier
s750 cm−1d associated with this pathway matches the experi-
mental bounds placed on the barriersTable Id. The alternative
A→B pathway would involve swinging the COOH group
from the Gpy minima over the top of the ring to the Gph
position and then on to the antiproduct well. As already
noted, the size of the COOH group creates steric hindrance
to this motion, with computed barriers of more than
2000 cm−1 for the Gpy→Gph step.

B. The effect of water on the isomerization barrier
in IPA

The spectroscopic characterization of isolated
biomolecule-sH2Odn clusters can be used to probe the pre-
ferred binding site for the water moleculessd and a detailed
characterization of those low-energy minima. In cases where
the solute has conformational flexibility, the spectroscopy
can also probe the effect of water complexation on the con-
formational preferences of the solute. In the most extreme
case, the water moleculessd can stabilize minima in the flex-
ible molecule that were not even stable in the absence of
water. What is lacking from these spectroscopic studies is
any probe of the effect of the bound water moleculessd on the
barriers to isomerization. Such data can be provided by the
SEP-population transfer spectroscopy.

In the case of IPA, the carboxylic acid moiety provides
an extremely stable pocket for binding of a water molecule
as a hydrogen-bonded bridge between the OH donor and
CvO acceptor sites. Since the IPAsAd→ IPAsBd isomeriza-
tion involves motion of the COOH group between the
gauche and antipositions, the water molecule moves with the
COOH group during the isomerization.

As we have seen, the barrier to isomerization is not
changed significantly by the presence of the water molecule.
This is a natural consequence of the remote position of the
water molecule relative to the isomerization reaction coordi-
nate, which involves internal rotation about the Csad–Csbd
bond. As a result, neither the isomerization reaction pathway
nor the energy barrier to isomerization are changed signifi-
cantly by the presence of the water molecule. We surmise on
this basis that the intramolecular barrier in IPA is not sensi-
tively dependent on the electronic character of the COOH
group, which is perturbed only modestly by the presence of
the water molecule.

The present data on the IPA-H2O complex demonstrate
the feasibility of studying the barriers to isomerization in

solute-solvent complexes. The mode of binding in IPA-H2O
produces little effect on the barrier to isomerization, but the
example it provides also points the way to circumstances
where the effect of water on the barriers to isomerization
could be much more dramatic. For instance, if the water
molecule were to form a H-bonded bridge between two flex-
ible sites, then isomerization that involves these flexible sites
could require the breaking of a H bond with water, substan-
tially raising the energy barrier to doing so. Alternatively,
depending on its point of attachment, the water molecule
could raise the energies of certain minima on the surface, and
hence effectively remove their participation in isomerization
pathways available to the solute. Finally, the complexation of
a solvent molecule opens up entirely new types of isomer-
ization in which the solvent molecule moves from one site to
another on the solute. This intriguing solvent rearrangement
reaction can occur even in molecules without any internal
flexibility. We recently have studied a first example of such a
reaction in thetrans-formanilide-H2O complex, where SEP
excitation initiates isomerization of the water molecule be-
tween two H-bonding sites on the moleculesthe amide NH
and CvO sitesd.12

C. The competition between isomerization and
cooling

The spectra in Fig. 5 have shown clear evidence for
threshold effects, in which the intensity of transitions in the
SEP-PT spectra were reduced in intensity under fast-cooling
conditions, indicating a competition between isomerization
and vibrational cooling. In this section, we discuss the com-
petition between isomerization and cooling and the implica-
tions of this competition on the observed thresholds.

Collisions are an integral part of the experimental proto-
col used here to study conformational isomerization. If both
SEP excitation and detection steps were performed in the
collision-free region of the expansion, SEP excitation would
achieve conformation selective excitation, but conformation
selective detection of the products would not be possible due
to the broad absorptions of the vibrationally excited species
created by the SEP process. By moving the SEP excitation
into the collision-dominated region early in the expansion,
the products can be recooled to their zero-point levels where
they can be selectively detected without interference from
one another.

As a result, isomerization necessarily occurs in compe-
tition with collisional cooling. Because the SEP process re-
lies on adequate Franck–CondonsFCd factors to drive the
population back to the ground state, only discrete internal
energies can be placed into the molecule. These will bracket
the true energy threshold with a grid only as fine grained as
the SEP spectrum allows. If isomerization is fast compared
to collisions even at threshold, then the observed onset of
population transfer faithfully reflects SEP excitation over-
coming that barrier. On the other hand, if isomerization was
slow compared to the collisional cooling rate at threshold,
then a kinetic shift would be introduced in which transitions
that are above the barrier would be missed by virtue of the
fast cooling.
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In order to understand the effects of this competition, it
is helpful to first think through the process in the absence of
collisions. The ground-state vibrational levels that carry the
oscillator strength in the dump step are determined by the
Franck–CondonsFCd factors betweenS1s00d and S0 sRef.
13d. Large FC factors fromS1s00d occur to vibrational levels
involving normal coordinates that map along the geometry
changes that accompany the electronic transition. Since the
S0-S1 transition is ap-p* transition involving the indole
ring, these vibrations are primarily localized vibrations of the
indole ring. These zeroth-order states are anharmonically
mixed with background levels at that energy. Many of the
lowest-frequency vibrations of the molecule involve the flex-
ible propionic acid side chain, and the density of states will
be dominated by states with excitation in these torsional
modes. Since isomerization involves some of these same tor-
sions, intramolecular vibrational energy redistributionsIVRd
into these modes must occur prior to isomerization. A har-
monic density of states calculation of conformerA of IPA
indicates that there are about 200 states/cm−1 at an energy of
E* =800 cm−1. If IVR is complete within wellA on a time
scale faster than isomerization, then Rice–Ramsperger–
Kassel–MarkussRRKMd theory predicts a threshold isomer-
ization rate forA→B of

ksE*d =
WsE†d
hrsE*d

= 1/h rsE*d at threshold

= 1.13 108 s−1.

Under such conditions, isomerization at threshold will be
complete in IPA on the 10-ns timescale. Figure 6 shows the
RRKM estimated rates for theA→B isomerization in both
IPA monomer and IPA-H2O complex. These are plotted as a

function of internal energy for thresholds of 800 and
850 cm−1, the lower and upper bounds established experi-
mentally for the isomerization in both cases.

For comparison, the analogousA→B isomerization rate
in TRA is also plotted in Fig. 6 for the same threshold values.
Clearly, the substitution of a light NH2 group for COOH has
decreased the density of states at a given energy and in-
creased the calculated isomerization rate for TRA by about a
factor of 20 relative to IPA. This is consistent with the lack
of any threshold effects in our study of TRA in Paper I.1

The effect of collisions will depend on the time scale of
the collisions and their effectiveness in removing energy
from the excited molecule. One would anticipate that colli-
sions will accelerate IVR, destroying the coherence of the
initially prepared state, and promoting the redistribution of
energy into the torsional modes. Equally important, the col-
lisions will remove internal energy and quench isomerization
once the energy is brought below the barrierssd to isomeriza-
tion.

Using an estimated IPA-He cross sectionsscolld of
200 Å2 and a backing pressure of 8-bar helium, we can
estimate14 the total number of IPA-He collisions in the su-
personic expansion as the IPA molecules traverse the dis-
tance between the SEP excitationsx/D=2.5–4.7d and the
LIF detectionsx/D=6d. More importantly, the collision rate
at the point of excitation can be compared with the isomer-
ization rate. The highest collision rate occurs atx/D=2.5,
where IPA-He collisions occur on the 250-ps timescalesFig.
6d. An extensive literature on vibrational cooling13,15–17indi-
cates that, once the density of states has reached a quasicon-
tinuum, the fractional energy lost per collision is approxi-
mately constant; that is,DE/E=l, where l5a constant.
Based on recent studies of vibrational relaxation in N-acetyl
tryptophan methyl amidesNATMA d and related molecules,

FIG. 6. The plot of logfisomerization rateksEdg vs
internal energy in wave numbersscm−1d. The collision
rate for x/D=2.5, 3.6, 4.7 conditions are plotted as
dashed lines. The rate constant of isomerization for
A-B is plotted as a diamondsLd and a squareshd for
the energy threshold at 800 and 850 cm−1, respectively.
Likewise, the rate constant of isomerization for
A-H2O–B-H2O is plotted for 800 cm−1sDd and
850 cm−1sXd. The rate constant for tryptaminesXd is
plotted as a point of comparisonssee text for
discussiond.
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we estimated thatl,0.003.18–20If IPA has a similarl value,
each collision with helium would remove about 2.5 cm−1 per
collision at 800-cm−1 internal energy. With this efficiency per
collision, 50 cm−1 of internal energysthe difference between
experimental lower and upper boundsd will be taken away in
20 collisions. At x/D=2.5/3.6/4.7, 20 collisions occur in
5/14/30 ns. This time scale is similar to that for isomeriza-
tion stisom,7 nsd, consistent with the observed competition
between vibrational cooling and isomerization in the reduced
intensity of the first observed bands850 cm−1d at high colli-
sion rates.

We did not carry out a systematic study of threshold
effects in IPA-H2O. Experimentally, the first observed band
appears with its full SEP intensity at 830 cm−1 at x/D=2.5,
while the last unobserved band is only 30 cm−1 below this
fFig. 4sbdg, suggesting that the isomerization rate at threshold
is as large in the complex as in the monomer. However, the
analogous calculations on IPA-H2O predict RRKM isomer-
ization rates that are slower than those in the monomer by
about a factor of 5sFig. 6d due to the higher density of states
that accompanies the addition of six low-frequency intermo-
lecular modes in forming the complex. With a computed
isomerization lifetime at threshold of about 40 ns, collisional
cooling could effectively compete with isomerization near
threshold. There is a partial compensation in the faster rise in
rate with external energy in IPA-H2O, due to this same in-
crease in low-frequency modes in the transition state, but the
RRKM predictions for the isomerization rate in IPA-H2O
remain below those in IPA monomer in the threshold region
sFig. 6d. If isomerization near threshold is truly as fast in
IPA-H2O as in the IPA monomer, it could indicate that IVR
within the modes of the IPA monomerswhich leads to
isomerizationd occurs on a time scale fast compared to IVR
to the intermolecular modes. Further experimental and theo-
retical studies of the effect of solvent binding on the kinetics
of isomerization are clearly warranted.

V. CONCLUSION

In the present study, we have directly probed the barriers
to isomerization and the relative energies of the two lowest-
energy minima in both the IPA monomer and its associated
single water complex. The measured upper and lower bounds
bracket a barrier height for the isomerization that closely
matches the computed lowest-energy barrier for the process.
The comparison with theory establishes that the isomeriza-
tion pathway traverses this barriersswinging the COOH
group around the outside of the indole ring between the Gpy
and antipositionsd rather than taking the alternative route
over the top of the indole ring Gpy→Gph→anti, which has a
barrier over twice as large.

Binding a single water molecule to IPA in the COOH
pocket has little effect on the observed thresholds to isomer-
ization, with upper and lower bounds nearly identical to
those in the monomer. This is consistent with the computed
Gpy→antibarrier, which is hardly changed by this complex-
ation. The lack of any kinetic shift in the measurement of the
threshold for the IPA-H2O complex is at odds with a simple
harmonic-based RRKM calculation of the isomerization rate
relative to the anticipated vibrational cooling rate. However,
the magnitude of the population transferred depends on a
competition between isomerization and cooling, neither of
whose absolute rates are known accurately, pointing to the
need for future work.
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