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Photodissociation of pyrrole-ammonia clusters below 218 nm: Quenching
of statistical decomposition pathways under clustering conditions
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The excited state hydrogen transfer (ESHT) reaction in pyrrole-ammonia clusters (PyH · (NH3)n,
n = 2–5) at excitation wavelengths below 218 nm down to 199 nm, has been studied using a com-
bination of velocity map imaging and non-resonant detection of the NH4(NH3)n−1 products. Special
care has been taken to avoid evaporation of solvent molecules from the excited clusters by control-
ling the intensity of both the excitation and probing lasers. The high resolution translational energy
distributions obtained are analyzed on the base of an impulsive mechanism for the hydrogen transfer,
which mimics the direct N−H bond dissociation of the bare pyrrole. In spite of the low dissocia-
tion wavelengths attained (∼200 nm) no evidence of hydrogen-loss statistical dynamics has been
observed. The effects of clustering of pyrrole with ammonia molecules on the possible statistical
decomposition channels of the bare pyrrole are discussed. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4749384]

I. INTRODUCTION

Photodecomposition of pyrrole upon UV radiation ab-
sorption is governed by the competition between direct bond
cleavage and statistical dissociation producing, in both cases,
hydrogen atoms and pyrrolyl radicals.1 The measurement of
the produced hydrogen atom translational energy distribu-
tion constitutes a suitable tool to follow the dynamics of
both type of dissociation mechanisms. Two well-resolved fea-
tures can be distinguished in the H-atom translational energy
distributions:2–4 A sharp and structured translational energy
distribution, corresponding to fast hydrogen atoms produced
through direct N−H bond cleavage -direct channel- and a
broad and unstructured translational energy distribution corre-
sponding to slow hydrogen atoms. The nomenclature fast and
slow refers to the relative position of the peaks − ∼0.85 and
∼0.13 eV, respectively − although the tail of the slow

Boltzmann-like distribution, that extends beyond the fast dis-
tribution can be significant in particular conditions.2 The
formation of such slow H-atoms has attracted considerable
attention in the related literature and several mechanisms
have been proposed:2, 5–9 (i) direct excitation to the bound
S2 (1B2

1ππ*) state, followed by internal conversion to the
ground X̃1A1 electronic state, S0, and statistical dissocia-
tion of the hot parent molecules;2, 6 (ii) frustrated dissocia-
tion in the repulsive S1 (1A2

1πσ*) state;2, 6 (iii) resonance-
enhanced multiphoton ionization of the parent molecules via

the 1ππ* state, followed by dissociation of the ion (disso-
ciative ionization);7 (iv) ring-opening fragmentation involv-
ing C−H bond breaking;5 (v) adiabatic dissociation in the S1

(1A2
1πσ*) state.7, 8 Generally speaking, the dissociation dy-

namics and branching ratio between fast and slow hydrogen
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atoms will be governed by the interaction between the three
involved states, S0, S1, and S2 at the different excitation ener-
gies considered.

Three dynamical regions have been characterized de-
pending on the excitation wavelength. Between 254 nm and
222 nm,2 the 11A2

1πσ* state − which, unlike for most chro-
mophores, lies at lower energies than the 11B2 state − is di-
rectly populated by vibrational coupling with the 1ππ* state.2

After absorption, the excited pyrrole molecules evolve on the
1πσ* state, towards the curve crossing with the ground state
− in the N−H coordinate − from where most molecules pro-
ceed non-adiabatically and dissociate asymptotically, produc-
ing hydrogen atoms with high translational energy (fast hy-
drogen atoms) and relatively cold pyrrolyl radicals. The struc-
tured translational energy distributions reported by Ashfold
et al.2 using hydrogen Rydberg atom photofragment transla-
tional spectroscopy, indicates that the velocity distribution of
those fast hydrogen atoms produced at long wavelengths, re-
flects the vibrational activity of the pyrrolyl co-fragment. Un-
expectedly for a molecule with 24 vibrational modes, the anal-
ysis of the translational or kinetic energy distributions (KEDs)
proved how the pyrrolyl is formed in a limited subset of vi-
brational states.4 On the other hand, a fraction of the excited
molecules, which are “bounced” in the conical intersection
between the 1πσ* state and the ground state, should explore
the deep well of the ground state potential and undergo sub-
stantial intramolecular vibrational energy redistribution (IVR)
before unimolecular (statistical) decay occurs (mechanism ii).
The randomization of energy would produce in this case slow

hydrogen atoms and vibrationally hot pyrrolyl radicals.2

At higher excitation energies (217 nm ≤ λphot

≤ 222 nm), the absorption cross section of pyrrole increases
considerably due to the onset of the dipole allowed 11B2

← X̃1A1 transition. The excited molecules can decay through
fast S2 � S1 radiationless transfer and dissociate in a similar
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way than in the longer wavelength region. The fast hydrogen
atom KEDs formed through this route would lack of any
structure, since the vibrational information related to the
promoting modes is lost in the relaxation process.2 Decay to
the ground state by successive S2 � S1 � S0 radiationless
transfer steps, and consequent dissociation would result in
slow hydrogen atoms (mechanism i).2 Direct excitation to
the 1ππ* state followed by multiphoton ionization enables
the possibility of dissociative ionization (mechanism iii) and
therefore, the formation of H+ ions. However, the dependence
on the detection wavelength of the hydrogen atoms produced
by multiphoton ionization of pyrrole at 243 nm indicates that
the majority of hydrogen atoms are released as neutrals.10

In the high energy regime (λphot ≤ 217 nm), excitation
of the ring deformation modes opens up an additional dis-
sociation pathway, enabled by conical intersections between
the 1πσ* and 1ππ* states, and between the 1ππ* and the
ground electronic states (mechanism iv).5 The fracture of the
aromatic ring produces slow hydrogen atoms through direct
S2�S0 transfer followed by C–H bond rupture. The produc-
tion of hydrogen atoms through mechanisms (i)–(iv) is statis-
tical and hence, a slow dynamics − in the nanosecond regime
− is expected. However, Stavros and co-workers,7, 11–13 in
a series of time-resolved experiments on the photodissocia-
tion of several chromophores at 200 nm have reported the
production of slow hydrogen atoms in a fast time scale
(<200 fs), which in some cases constitute the majority of the
slow contribution of the KED.7 Such hydrogen atoms would
correspond in the case of pyrrol to the direct N−H bond
dissociation channel yielding electronically excited pyrrolyl
(2π state) fragments (mechanism v). The correlating hydro-
gen atoms would posses little available energy and then they
would contribute to the slow component in the KEDs.8

In solvation conditions, the distortions suffered by the
bare molecule potential energy surfaces (PESs) alter the bal-
ance between the different processes − ground state or ex-
cited state photodissociation − in a magnitude strongly de-
pendent on the nature and the number of solvent molecules.
Molecular clusters, located halfway between isolated and sol-
vated systems, provide the ideal tool to study the solvation ef-
fect in a tailored solvent environment. The well-known pho-
tostability of the biological systems lies in the thermalizing
effect of the surrounding bath on the vibrational excited elec-
tronic ground state, which in isolated conditions would lead to
statistical decomposition.6, 14 In the same way, photodissocia-
tion through direct bond cleavage, closely related to biological
damage, shows a strong dependence on the solvent nature.1, 6

In a recent paper, we have applied the velocity map imag-
ing (VMI) technique to study the photodissociation dynamics
of pyrrole-ammonia clusters, PyH · (NH3)n, in the wavelength
interval ranging from 234 to 218 nm.15 Non-resonant mul-
tiphoton ionization (MPI) coupled with the VMI technique
provided high resolution translational energy and angular dis-
tributions of the cluster NH4(NH3)m (m = n − 1) products.
The photodynamics of the PyH · (NH3)n clusters constitutes
a prototypical example of intracluster excited state hydrogen
atom transfer (ESHT) reaction,15, 16 where, after one UV pho-
ton absorption, the parent clusters decompose into pyrrolyl
radicals and NH4(NH3)m. The hydrogen transfer is viewed

as a bimolecular reaction, where the hydrogen atom ejected
by the pyrrole moiety collides and bonds to the nearest NH3

molecule.15 The extrapolation of the N−H bond dissociation
to the ESHT is not straightforward due to the change of sym-
metry in the chromophore. In a recent paper, Slavíček and
Fárník have analyzed three different hydrogen bond patterns
in clusters of N-containing heteroaromatics.17 In pyrrole clus-
ters, the N−H bond of one molecule binds to the π elec-
tron cloud of the neighboring molecule, stabilizing the system
due to inhibition of the direct N−H bond dissociation. The
same effect has been found in pyrrole—Xe clusters.17, 18 The
pyrrole-ammonia N−H bond is more similar to the N−H. . . N
hydrogen bond pattern shown by the imidazole and pyra-
zole clusters. In this two cases, in a similar way to that of
the pyrrole−ammonia clusters, the hydrogen transfer reac-
tion is not quenched by complexation, and results in stable
product species. In our previous work,15 the measured low
translational energy distributions of the NH4(NH3)m cluster
products were consistent with an impulsive hydrogen atom
transfer model, which resembles the bare molecule direct hy-
drogen atom ejection. These results contradict, however, the
electronic mechanism proposed previously by Jouvet and co-
workers16 for the same system, where the high product trans-
lational energy measured suggested an electron-proton charge
transfer for the NH4(NH3)m species formation.

In the impulsive mechanism proposed in Ref. 15, the pyr-
role moiety is excited to a vibrational superposition of S2 (1B2
1ππ*) − S1 (1A2

1πσ*) states. The hydrogen atoms produced
after the direct N−H bond rupture collide with the (NH3)n sol-
vent structure forming the NH4(NH3)m products. The velocity
distribution of the ejected hydrogen atom correlates with the
vibrational activity of the pyrrolyl co-product, which is re-
flected, in turn, in the NH4(NH3)m KEDs.15 The effect of mi-
crosolvation on the pyrrole PESs became apparent in three ex-
perimental facts when compared to the bare molecule case:15

First, the spectroscopic range where the hydrogen atom trans-
fer was observed is blue shifted by ∼15 nm; second, the cou-
pling between the S2 and S1 surfaces involves considerably
higher vibrational modes; and third, no evidences of statisti-
cal deactivation is found.15

The aim of the present work is to study the photodynam-
ics of the PyH · (NH3)n clusters, the possible contribution of
impulsive or electronic mechanisms and of statistical decom-
position pathways, when excitation is produced further to the
blue down to ≈200 nm. The main question that must be ad-
dressed here is to what extent the statistical hydrogen atom
formation observed for the bare pyrrole at high excitation en-
ergies (see above) is affected by the clustering conditions. The
“low” energy region for the PyH · (NH3)n system (from 234
to 218 nm, equivalent to the bare pyrrole dissociation region
ranging from 250 to 232 nm) has been the subject of our pre-
vious work.15 Here, we move to higher excitation energies,
which are equivalent to excitation energies for which domi-
nant statistical decomposition pathways have been observed
for bare pyrrole. An important issue that may interfere with
the processes under study is the evaporation of ammonia units
out of the excited clusters.19 We have addressed this issue by
carefully controlling the excitation and multiphoton ioniza-
tion laser intensities to avoid as much as possible evaporation
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after cluster excitation. For that purpose, we have used the
photodynamics of ammonia clusters as a way to find experi-
mental conditions where evaporation is negligible.

The paper is organized as follows: In Sec. II the experi-
mental methodology is presented. Section III gathers the most
relevant experimental results which are then discussed in the
same section. Finally, Sec. IV is dedicated to present the most
important conclusions of the work.

II. EXPERIMENTAL

The adjustment of the standard VMI technique to the
peculiarities of the photodissociation studies of large clus-
ters generated between organic chromophores and solvent
molecules has been thoroughly addressed in our previous
paper15 on the photodissociation of PyH · (NH3)n clusters
which, up to date, constitutes the single report on the appli-
cation of the VMI technique to ESHT reactions. The whole
experiment runs at a repetition rate of 10 Hz. A 3% mixture
of NH3 and He with a stagnation pressure of 1–1.5 bar passes
through a bubbler with pyrrole at room temperature and the
mixture is expanded via a pulsed nozzle (General Valve Series
9, 0.5 mm diameter orifice) into vacuum. The gas pulse passes
through a skimmer (beam dynamics, Standard Model 2,
0.5 mm diameter orifice) and reaches the ionization cham-
ber, where the molecular beam is intersected, in the middle
of the electrical plates of a time-of-flight (TOF) mass spec-
trometer, by the photolysis and probe laser pulses, which are
counter propagated to each other. The expansion conditions
are critical for the formation of H-bonded complexes. In or-
der to attain the best clustering conditions, the pulsed valve
was mounted so it was possible to adjust, from outside the
reaction chamber without breaking the vacuum, the distance
from the valve orifice to the skimmer and the aperture con-
ditions of the valve, while the mass spectrum was monitored
in situ. The configuration of the experimental set-up allows
to monitor the mass spectra during the data acquisition. Once
the desired conditions were achieved the system was stable
few hours, until the sample had to be renewed.

To generate radiation below 218 nm down to 199 nm, a
sum-frequency mixing nonlinear crystal is used to combine
the fundamental and second harmonic radiation of a Nd:YAG
pumped dye laser. The resulting unfocused pump laser was
strongly collimated and cleaned in order to have a spot size
of about 1 mm2 of homogeneous intensity (∼10 mJ cm−2).
The produced NH4(NH3)m fragments are ionized 40 ns later
with a loosely focused (f ∼ 60 cm) probe pulse generated by
a Nd:YAG laser pumped frequency doubled dye laser. The
probe wavelength was set at 333.5 nm. The relatively low val-
ues of the ionization potential of the NH4(NH3)m (m > 2) rad-
ical clusters20 allow efficient non-resonant ionization with one
photon of the 333.5 nm radiation (3.72 eV), while their long
lifetimes21 (of the order of ms) allow the fragments to be ion-
ized using nanosecond pump-and-probe delays and nanosec-
ond laser pulses. The NH4 and NH3NH4 products are char-
acterized by ionization potentials above 3.72 eV, and thus no
single probe photon ionization of these species is produced.
On the other hand, the lifetime of NH4 is so short (15 ps)
that a pump-and-probe detection of this species is only pos-

sible if both laser pulses overlap in time. We have used these
two facts to check that multiphoton processes induced by the
pump pulse do not contribute to our results.

The ionized products are accelerated by an electric poten-
tial of 3.5 kV applied to the repeller plate through a field-free
TOF region before hitting impedance matched microchan-
nel plates (MCP) (Chevron configuration, 40 mm diameter).
The MCPs can be gated with a high voltage pulse to allow
only the ions of interest to be detected. The resulting electron
avalanche strikes a phosphor screen (P47), thereby creating
the ion image, which is recorded by a CCD camera (SONY
1024 × 768 pixel) controlled by National Instruments (NI)
LabView 7.1 and IMAQ VISION software. The final image is
obtained as the sum of around 20 000–100 000 laser shots,
depending on the quality of the signal. The calibration of
the VMI apparatus was carried out as described in detail in
Ref. 15.

III. RESULTS AND DISCUSSION

In this work, we have combined the VMI and MPI tech-
niques to investigate the photodecomposition of PyH · (NH3)n

clusters in the excitation wavelength interval ranging from
214 to 199 nm for different cluster sizes (n = 2–5). The evap-
oration of ammonia solvent molecules out of the excited clus-
ter is a probable process which may compete and interfere
with the processes of interest and, thus, it must be avoided
as much as possible. The evaporation of solvent units after
UV irradiation in molecular clusters has been investigated to
some extent for 1-naphtol-(NH3)n by Jouvet and co-workers19

and the main conclusions extracted there are applicable to
other chromophore-ammonia clusters. Two main facts were
found in that study. First, ammonia evaporation, as a dissoci-
ating event, adds an extra amount of translational energy to
the cluster products. If evaporation occurs, the translational
energy released in the process should appear as an extra con-
tribution in those clusters which undergo evaporation, and the
experimental quantification of the evaporation process would
require a detailed analysis of the translational energy distribu-
tion of the evaporating species. In TOF techniques, the extra
translational energy is observed as a broadening of the TOF
profiles or, when evaporation from a large number of clus-
ter is summed, a broad and low-intensity background. The
conversion of the peak broadening to translational energy re-
quires a non-evaporating reference peak, or a detailed calibra-
tion of the TOF apparatus.19 Second, ammonia evaporation
might happen in the first excited state, S1, in the ionic state,
or in both. According to the proposed model in Ref. 19, evap-
oration in the ion would happen provided that the excess of
energy exceeds the binding energy of the ammonia moiety to
the parent cluster ion. In this case, the parent transient will
show no dynamics (step function). Evaporation might happen
in S1, if the excess of energy provided by the excitation photon
is distributed before the ionization step by fast IVR leading to
hot clusters. The parent transient will show in this case the
evaporation decay dynamics.

In order to quantify the degree of evaporation in the
present case and to find the best experimental conditions with
minimum evaporation, we have carried out a preliminary
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FIG. 1. NH+
3 images and the corresponding translational energy distribu-

tions obtained after two-color irradiation of a pure ammonia cluster beam at
(a) low and (b) high intensities of the pump (excitation) laser. See text for
details.

study using the same pump and probe lasers but in an molec-
ular beam of ammonia clusters. The excitation and detection
wavelengths were set to 210 nm and 333.5 nm, respectively,
and the delay between both lasers was set to zero. Two
conditions for the pump laser intensity were chosen. A low
intensity condition,22 where no single ammonia or ammonia
cluster signals were observed when either one of the pump
or probe lasers were blocked, and a high intensity condition,
where the pump laser generates a distribution of ammonia and
ammonia cluster ions which is significantly enhanced when
the probe laser is on. Since the ammonia ionization potential
is 10.17 eV,23 a photon from the pump laser and two photons
from the probe laser are needed to produce the ionization
(by a 1+2′ MPI process), while the absence of single laser
contribution ensures that no more photons are involved.24

Figure 1 shows NH+
3 images and the corresponding trans-

lational energy distributions obtained at the two intensity con-
ditions of the pump laser mentioned above. At low pump laser
intensity, the image consists in a spot in the center indicating
no recoil. At high pump laser intensity, the NH+

3 spot is over-
come by an unstructured feature with considerable recoil. A
non-zero recoil feature is a signature of dissociating dynamics
(ammonia evaporation in this case), where the photon energy
is partially transferred to the products. Without a detailed en-
ergy balance,25 it is not possible to determine from the images
if the dissociation happens on the S1 or ionic states of the clus-
ters. However, since the only effect of the probe laser pulse is
to produce an enhancement of the NH3 signal under the high
pump laser intensity conditions, and such enhancement disap-
pears when a time delay is introduced between the pump and
probe pulses − i.e., no dynamics is observed − we conclude
that the image shown in Fig. 1(b) reflects the dissociation −
evaporation − of one or more ammonia units in the parent
ion. By choosing the laser intensity conditions corresponding
to the ammonia image with no recoil, we guarantee that evap-
oration is diminished or completely avoided.
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FIG. 2. Zero pump-probe time-of-flight mass spectra obtained at different
pump laser intensities and the same expansion conditions. In the lowest
pump laser intensity spectrum, the parent cluster distribution is apparent up to
n = 12, while at the highest pump laser intensity spectrum (top panel), the
parent cluster distribution is overcome by the monomer.

With this information in mind, we have proceeded to
study the PyH · (NH3)n parent cluster distribution at each pho-
todissociation wavelength employed, i.e., 214, 210, 205, and
199 nm. Figure 2 shows the PyH · (NH3)n mass spectra ob-
tained at 210 nm and zero time delay with respect to the
probe laser at 333.5 nm, for three different pump laser inten-
sities (similar mass spectra were obtained at the other exci-
tation wavelengths). The spectra have been normalized to the
n = 0 peak (pyrrole) for comparison. The mass spectrum ob-
tained at the lower pump laser intensity (lower panel) presents
a bimodal distribution peaking at n = 1 and n = 4, although
clusters up to n = 12–13 are distinguishable. When the pump
laser intensity is increased (middle panel), the major differ-
ence observed − besides the monomer/cluster ratio − is the
weakening of the high-masses part (n > 6) of the spectrum. At
the highest intensity employed (upper panel), the cluster dis-
tribution is barely visible when compared to the bare pyrrole
signal. These results are in agreement with the previous dis-
cussion about 1-naphtol-(NH3)n and with the work of Fárník
and co-workers,17, 26–29 who have shown how the MPI mass
spectra can lead to a wrong evaluation of the cluster size dis-
tribution due to the possible cluster fragmentation upon ion-
ization. The PyH · (NH3)n ionization thresholds are expected
to lie at lower values than that of the bare molecule − to our
knowledge they have not been experimentally determined −
and show a stabilization trend above n ∼10.30 Considering the
bare pyrrole IP (8.21 eV)10 as an upper limit, at zero pump-
probe delay the excitation provides enough energy to ionize
any PyH · (NH3)n cluster present in the molecular beam. To
ensure minimal evaporation conditions, the pump laser inten-
sity was regulated in such a way that no recoil was observed
when monitoring NH+

3 images. In the rest of the paper, these
experimental conditions were kept to guarantee that evapo-
ration was negligible. When enough large time delay (≈40
ns) is introduced between the pump and probe laser pulses,
the NH4(NH3)m = 2−4 products dominate the mass spectra, al-
though some contribution from higher masses (up to m = 6)
is visible.
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FIG. 3. Difference between the 40 ns and zero delay pump-and-probe time-
of-flight mass spectra obtained at the photolysis wavelength of 199 nm. The
difference spectrum is dominated by the NH3 contribution. The insets show
the low mass (up) and high mass (down) regions, where the hydrogen atom
and the NH4(NH3)m cluster products up to m = 6 can be observed, respec-
tively.

Strikingly, no significant amounts of hydrogen atoms are
observed in the mass spectra in any condition studied in this
work. Since the IP of ammonia and atomic hydrogen are
almost equal − 10.17 and 10.2 eV, respectively − a compa-
rable ionization cross section for a (1+2′) MPI process is ex-
pected for both species27 and, hence, the ratio H/NH3 can be
considered as a hydrogen atom production rate. To check that
we were able to detect hydrogen atoms, a set of mass spectra
was recorded using very high pump intensities. At zero time
delay, the dominant peak corresponding to NH+

3 overwhelms
the spectra, although a weak PyH · (NH3)+n progression with
n = 2−6 can be observed. When the delay is increased to
40 ns, the NH+

3 contribution is only slightly enhanced, indi-
cating that the major NH+

3 source is non-resonant MPI in-
duced by the pump pulse. In Figure 3, the difference between
the 40 ns and the zero delay pump-and-probe mass spectra is
plotted corresponding to a pump laser wavelength of 199 nm.
As can be seen, together with the NH3 peak, the NH4(NH3)m

cluster products, up to m = 6 are visible in the same vertical
scale. Only a small amount of H+ appears in the delayed mass
spectrum, indicating that the hydrogen atoms are produced as
neutrals.10

Figure 4 shows the NH4(NH3)2 raw VMI image obtained
at the excitation wavelength of 214 nm, at low pump laser in-

FIG. 4. VMI raw image corresponding to NH4(NH3)2 products formed in
the photodissociation of PyH · (NH3)3 at a photolysis wavelength of 214 nm.
The double headed arrow denotes the polarization direction of both pump and
probe laser pulses.
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FIG. 5. Translational energy distributions obtained by integration of the Abel
inverted images corresponding to the NH4(NH3)2 fragment taken at the dif-
ferent photolysis wavelengths employed in the present study. The distribu-
tions have been vertically shifted for a clear comparison.

tensities (no evaporation conditions). Similar images, consist-
ing of a single low-recoil isotropic feature, were obtained at
each of the photolysis wavelength employed in this work. The
translational energy distributions obtained by angular integra-
tion of the NH4(NH3)2 product images at the different photol-
ysis wavelengths studied are presented in Figure 5. All the dis-
tributions show a similar profile, consisting of a Boltzmann-
like envelope with a resolved structure around the maximum
(located at ∼0.01 eV), and a tail lasting several tens of meV.
As the photolysis wavelength is decreased from 214 nm to
199 nm, the structure is compressed in the early part of the
distribution. Figure 6 shows the KEDs corresponding to the
fragments NH4(NH3)m for m = 2, 3, 4 at the fixed photoly-
sis wavelength of 214 nm. The distributions present the same
main features in all cases, but the vibrational structure appears
significantly blurred due to the larger masses. Although in the
mass spectra NH4(NH3)m products up to m = 6 are visible,
the signal of the higher masses was too low to provide reli-
able translational energy distributions.

The image shown in Figure 4 and the translational en-
ergy distributions of Figures 5 and 6 closely resemble the
results obtained in our previous work15 at excitation wave-
lengths ranging from 234 to 218 nm. This fact suggests that
a single dynamics is responsible for the NH4(NH3)m product
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FIG. 6. Center-of-mass (CM) translational energy distributions obtained by
integration of the Abel inverted images corresponding to the NH4(NH3)m

for m = 2, 3, 4 fragments at a fixed photolysis wavelength of 214 nm. The
distributions have been vertically shifted for a clear comparison.
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formation from 234 nm to 199 nm. To check the consistency
of this asset we have analyzed the present data in the same
way as in Ref. 15.

The detailed analysis of the internal energy distribution
of the particular NH4(NH3)2 product is carried out using a
x-axis normalization: For each photolysis wavelength, the ab-
scissa axis of the translational energy distributions depicted in
Figure 5 is divided by the corresponding available energy, as
shown in Figure 7. The available energy for each NH4(NH3)m

cluster product has been calculated according to the impul-
sive model − which has been proved to be valid between 234
and 218 nm15 − which considers the hydrogen atom trans-
fer as a bimolecular reaction between the pyrrole and the
(NH3)n chain. The translational energy of the ejected hydro-
gen atom − which carries out the information about the pyr-
role vibrational modes involved in the photoexcitation step
− is transformed into translational and internal energy of the
NH4(NH3)m product,

Eav[NH4(NH3)m] = mH

mNH4(NH3)m
Eav(H), (1)

where mi denotes the mass of the corresponding i species, and
Eav(H) is the available energy for the ejected hydrogen atom
given by

Eav(H) = mPy

mPyH
[hν − D0], (2)

where hν is the energy of the excitation photon and D0

= 4.073 eV is the N−H bond dissociation energy.2 In the bare
pyrrole dissociation the translational energy of the exerted hy-
drogen atom is quantified and reflects the vibrational coupling
between the 1ππ* and 1πσ* states, which is restricted to one
quanta in the so-called promoting modes.4 As mentioned be-
fore, the photochemistry of chromophore-ammonia clusters,
although closely follows the photochemistry of the bare chro-
mophore, presents some important differences due to the ac-
tion of the environment on the involved PESs.6 In the case of
the pyrrole-ammonia clusters, the major effect is an increase
of the gap between the 1ππ* and 1πσ* states, which modifies
their coupling strength and alters the dependence of the parent
PyH · (NH3)n photodissociation on the excitation energy.16

Due to this shift, the vibrational coupling between the 1ππ*
and 1πσ* states involves higher vibrational levels and hence,
higher excitation energies.15 Such conclusion is in agreement
with the experimental threshold obtained for the ESHT reac-
tion at 236.6 nm, around 15 nm lower than the threshold for
the fast hydrogen atom formation in the bare molecule.15, 31

According to the impulsive model, the structure of the transla-
tional energy distributions of the products is ascribed to vibra-
tional activity in the pyrrolyl radical.15 The spacing between
the major features in the cluster products translational energy
distributions observed in Ref. 15 suggested that there are two
main vibrational modes of the pyrrolyl radical involved,2, 15

with energies around 3000 cm−1 and 1500 cm−1. According
to the electric dipole selection rules, which ensure that the
initial excitation can only populate levels of a2, b1, and b2

vibrational symmetry − in Herzberg notation32 −, four vibra-
tional modes, ν12 and ν13 with values of ∼3200 cm−1, and
ν14 and ν15 with values of ∼1300 cm−1, were considered.2, 15

FIG. 7. Center-of-mass (CM) translational energy distributions of the
NH4(NH3)2 clusters as a function of the available energy fraction chan-
neled into translational energy of the products. The black vertical line cor-
responds to the maximum fraction of available energy, and correlates with
species with zero internal energy. The observed structure has been assigned
to the vibrational activity of the pyrrolyl radical. As a visual guide, the combs
corresponding to generic vibrational quantum states of 3000 cm−1 (νa) and
1500 cm−1 (νb) modes of the pyrrolyl co-fragment moiety have been in-
cluded (top of each panel). The tail in the translational energy distribution
extending towards values larger than one is related to internal energy of the
ammonia chains. The vertical red lines correspond to the available energy if
a quantum of the intermolecular bending mode of 452 cm−1 is included (see
text for details).

In order to compare the present results with our previous
work, and without the aim of performing any rigorous vibra-
tional assignment, vibrational combs of 3000 cm−1 (νa) and
1500 cm−1 (νb) are included in Figure 7.

As the photolysis wavelength decreases, the correspond-
ing increase of the available energy should imply a broaden-
ing of the translational energy distribution.15 However, when
the photolysis wavelength is varied from 214 to 199 nm, the
opposite behavior is observed. Furthermore, when compared
the translational energy distributions of the NH4(NH3)m clus-
ters obtained in the present work (Fig. 7) with those obtained
between 234 and 218 nm (Fig. 9 in Ref. 15) is clear that a
loss in the structure resolution is produced at lower wave-
lengths. The lack of structure involving higher vibrational
excitation suggests a weakening of the vibrational coupling
between the 1ππ* and 1πσ* states as expected,5, 6 and a prob-
able contribution of ESHT triggered by “fast” hydrogen atoms
produced after direct excitation to the 1ππ* state.2 The por-
tion of the curves at the right side of the available energy
black bar in Figure 7 corresponds to internal energy of the
ammonia chain (which is not taken into account in Eq. (1)).
The NH4(NH3)m − 1 −NH3 binding energies lie above 0.2 eV
for m ≥3 (Ref. 20). Considering that the translational en-
ergy distributions depicted in Figure 5 do not extend beyond
∼0.12 eV (970 cm−1), it is clear that while the NH4(NH3)m

clusters do not posses enough energy to decompose spon-
taneously, the excess energy can be used to populate intra-
cluster vibrational and rotational modes (between 18 and
452 cm−1).33 The red vertical lines in Figure 7 represent the
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available energy if one quanta of the intermolecular bending
mode (452 cm−1) is considered.

Interestingly, the present results also confirm that no ev-
idence of the electronic mechanism proposed by Jouvet and
co-workers.16 is found at excitation wavelengths as short as
199 nm.

In the previous discussion the parallelism between the
direct N−H bond dissociation in the bare molecule, and the
ESHT reaction in the cluster has been established, i.e., the fast
hydrogen atom production is traduced to a hydrogen trans-
fer reaction. The question that must be addressed now is how
does the ammonia solvent affects the slow hydrogen atom
dynamics. Since the increase of the gap between the 1ππ*
and 1πσ* states is mainly due to a stabilization of the 1πσ*
state, the coupling between the 1ππ* state and the ground
state at high energies should not depend significatively on
the solvent. In other words, independently of the effect of
the ammonia molecules on the N−H bond dissociation, the
internal conversion from the 1ππ* state to the ground state,
one of the main sources of statistical hydrogen atom forma-
tion, should remain unaltered.6, 26 Furthermore, assuming that
the 15 nm difference between the absorption onsets of pyr-
role and pyrrole-ammonia measured previously,15, 16 stands
at these wavelengths, at 199 nm the ring deformation chan-
nel should be open, adding an extra contribution to the slow
hydrogen atom branching ratio through C–H bond rupture.5

However, the fact that no abundant hydrogen atoms have been
detected in the MPI mass spectra recorded in the present work
are against these expectations. Our results indicate that inter-
actions between the different PESs are affected by clustering
with ammonia molecules in a greater extent than expected.
The main effect is an apparent weakening of the non-radiative
transfer processes (S2�S0 or S1 and S2 � S1 � S0) with
respect to the 1ππ* − 1πσ* vibrational coupling. In other
words, the mechanisms leading to the statistical production of
hydrogen atoms are unbalanced − or quenched − with respect
to direct dissociation dynamics, under clustering conditions.
We would like to point out that these results are restricted
to a low clustering degree, where pyrrole interacts with few
ammonia molecules. Once the contribution from larger clus-
ters has been minimized by avoiding ammonia evaporation,
as explained in the text, no cluster contribution above n = 5 is
assumed. Since it is well known that in solvated conditions di-
rect bond dissociation is strongly quenched so it cannot com-
pete with the relaxation processes, our results suggest that ei-
ther an intermediate clustering range − between n∼5 and full
solvation −, where ESHT and relaxation processes compete,
or a sharp threshold for the ESHT quenching, must exist.

It must be stated that the lack of statistical hydrogen
atoms in the photodecomposition of pyrrole-ammonia clus-
ters is in partial disagreement with the observations of Fárník
et al. related to clusters of imidazole17, 27 and pyrazole,17

despite the similarity of the hydrogen bonding pointed out
above. In the photodissociation of these systems, the slow
component of the hydrogen atom kinetic energy distributions
increases with complexation and dominates even at 193 nm,
where direct excitation to the ππ* state occurs. However, the
overall hydrogen atom signal decreases with both cluster size
and excitation energy, what is in agreement with our work.

Moreover, these authors have found similar results for pyr-
role and clusters of pyrrole, imidazole and pyrazole with Ar,26

where the hydrogen atom of one unit is linked to the π ring of
a neighbour.

The clarification of these issues requires additional theo-
retical calculations, involving parameters such as cluster size,
excitation energy and hydrogen bond polarity.

IV. CONCLUSIONS

The photodynamics of the hydrogen atom transfer reac-
tion in pyrrole-ammonia clusters have been study between
214 and 199 nm in velocity map imaging experiments in
combination with nonresonant ionization detection of the
NH4(NH3)m = 2−4 radical products. The structured product
translational energy distributions mimic the results obtained
in our previous work at lower excitation energies15 and, con-
sistently, the same dynamics is proposed: N−H bond disso-
ciation of the pyrrole moiety results in a fast hydrogen atom
which collides with the ammonia chain. The observed struc-
ture is associated to a discrete velocity distribution of the col-
liding H-atom which, in turn, reflects the vibrational activity
of the pyrrolyl radical, formed in the photodissociation step.
No clear sign of hydrogen atom formation has been found.
Our results open new questions which need additional exper-
imental and theoretical work to be answered. The lack of sta-
tistical hydrogen atoms should be related to a quenching of
the statistical decomposition pathways under clusterization.
However, according to theoretical calculations, the only chan-
nel affected by complexation should be the frustrated 1πσ*
− S0 curve crossing. If so, this source of statistical hydrogen
atoms might be much more relevant than the others, even at
these dissociation wavelengths.
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Phys. Chem. A 113, 14583 (2009).

28M. Fárník, V. Poterya, O. Votava, M. Ončák, P. Slavíček, I. Dauster, and U.
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