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for a thermal state. Far above threshold,
the pulse width only decreases further and
therefore g@(0) remains a good estimate
for g(0). However the g@(0) measured in
this region decreases, demonstrating that
second-order coherence, or in other words,
a quantum-mechanical pure state, is form-
ing in the polariton condensate.

In conclusion, the quantum phase transition
from a classical thermal mixed state to a quan-
tum-mechanical pure state in an exciton polari-
ton system is confirmed by observing the de-
crease of g@(0) above threshold. It is still an
open question what specific quantum state the
condensate falls into. A standard BEC theory
suggests a particle number eigenstate at absolute
zero temperature. The quantum Monte-Carlo
wavefunction analysis based on the exciton-
phonon coupling in an open system suggests a
coherent state (25). However, the interactions
among polaritons leads to virtual excitations of
quantum correlated pair excited states (26, 27),
which resembles a squeezed state in quantum
optics. For all of these cases, g@ (0) is expected
to approach one, so the present experiment does
not distinguish among these possible quantum
states. Fortunately, due to the half matter—half
light nature of the polaritons (28), their coher-
ence properties are transferred to the emitted
light field. They then can be measured with
methods well developed in quantum optics such
as higher-order coherence functions and optical
homodyne tomography (29). Future research
along this line should clarify the exact nature of
the quantum state that the polariton condensate
approaches above threshold.
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Dynamics of Hydrogen Bromide
Dissolution in the Ground and
Excited States

S. M. Hurley, T. E. Dermota, D. P. Hydutsky, A. W. Castleman jr.*

The dissolution of acids is one of the most fundamental solvation processes, and
an important issue is the nature of the hydration complex resulting in ion pair
formation. We used femtosecond pump-probe spectroscopy to show that five
water molecules are necessary for complete dissolution of a hydrogen bromide
molecule to form the contact ion pair H*-Br(H,0),, in the electronic ground
state. In smalter mixed clusters (n < 5), the ion pair formation can be pho-

toinduced by electronic excitation.

In many areas of atmospheric and biological
chemistry, the dissolution of acids in aqueous
media is of fundamental importance. One of the
basic processes of interest is the acid ionization
of hydrogen bromide (HBr) molecules in aque-
ous media to form the contact ion pair H*Br-,
which has been the subject of many theoretical
studies (/-5) but relatively few experimental
studies (6). One extensively discussed issue is
the minimum number of water molecules that is
necessary to solvate the molecule and form the
contact ion pair in isolated complexes. Theoret-
ical calculations (/-3) predict that contact ion
pair formation starts to occur in the mixed
cluster containing three water molecules, and
by the n = 4 mixed cluster, complete dissolu-
tion has occurred. Here, we report an investi-
gation into the ultrafast dynamics of mixed
clusters of HBr-water, using the pump-probe
technique (7) coupled with reflectron time-of-
flight mass spectrometry (8, 9) to determine the
mechanism of ion pair formation in the ground
and excited electronic states of HBr.

A molecular beam composed of HBr clus-
ters was formed by the supersonic expansion
through a pulsed nozzle (150 um in diameter)
of'a 10% HBr (Matheson gas) mixture seeded
in argon maintained at a total backing pres-
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sure of ~3 bar. Mixed HBr-water clusters
were formed by crossing the neutral cluster
beam with an effusive water vapor beam
from a pickup source (/0). A (2 + 1) pump-
probe ionization scheme (pump, 271 nm;
probe, 407 nm; pulse duration, 80 fs) was
used to study the dynamics of HBr-water
clusters excited to the v = 1 level of the
Rydberg C'II state of the HBr chromophore
(11). Mass spectra revealed a typical cluster
distribution, including HBr clusters up to size
10, H*(H,0), (n = 1 to 4) and mixed clus-
ters of H* (HBr)(H,0), (n = 1 to 3). In Fig.
1A, the pump-probe temporal responses of
HBr* and H,O* are shown. The transient
pump-probe dynamics of the protonated wa-
ter clusters (Fig. 1B) are substantially differ-
ent from those of the HBr* and H,0* mono-
mers (Fig. 1A). The H*(H,O), originate
from a mixed cluster of HBr and water. The
excess proton in the product originates from
the HBr, as established through extensive
studies of the isotopically substituted acids.
After ionization of the mixed cluster, a neu-
tral bromine is lost, and only protonated wa-
ter clusters are detected, as depicted in Eq. 1.

HBr(H,0),+(2+ 1)hv—>H(H,0),” +Br+e”
(1
where £ is Planck’s constant and v is frequen-
cy. Under the conditions of the present ex-

periments, water is added effusively, and
neutral water clusters are not formed; hence,
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the only source of the detected species is a
mixed cluster HBr(H,0),, formed by
replacement reactions of water with HBr
clusters. This conclusion was verified by ex-
periments conducted in the absence of HBr.
Other experiments were conducted with
DBr(H,0), that resulted in D*(H,0),, as the
product through a reaction analogous to Eq.
1. This confirmed that the excess proton in
the water clusters originated from the acid.
We also obtained results for clusters contain-
ing multiples of HBr (/2).

Anticipating results from pump-probe spec-
troscopic experiments, we considered three
possible situations: (i) for very small clusters,
the pump-probe temporal response would be
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Fig. 1. Pump-probe temporal response with a
pump wavelength of 271 nm of (A) monomers of
water showing a pulse width-limited decay and
HBr showing a long lifetime and (B) protonated
water clusters exhibiting dynamics unlike those of
the monomers. The best fit of the data (squares) is
shown by the solid line, where t _is the rise time.
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similar to that of the acid, mediated by the
dynamics of energy transfer and/or molecular
rearrangement upon photoexcitation; (ii) the ab-
sorption of a photon would result in a photoin-
duced rearrangement and ion pair formation;
and (iii) in sufficiently large cluster sizes, ion
pair formation would occur in the ground state,
making the absorption coefficient required in
the initial pump processes distinctly different
from that of the molecular HBr complex.

One of the aims of this study was to exper-
imentally determine the minimum number of
water molecules (n in Eq. 1) necessary to sol-
vate an HBr molecule to form the contact ion
pair H*Br(H,0), for comparison with theo-
retical predictions. The dynamics observed in
these studies show that photochemistry coupled
with solvation and clustering of HBr with water
molecules involve complex rearrangement and
reaction pathways resulting in the formation of
the ion pair. Solvation has a strong influence on
the dynamics of the observed clusters, and a
simple exponential decay of the excited species
was not observed for any of the protonated
water clusters. The transient behavior was fit to
a sum of a Gaussian response near the temporal
overlap (zero delay time) of the pump and
probe beams and an exponential rise at later
delay times ({2).

Theoretical (13), spectroscopic (14, 15), and
dynamic (/6) studies have shown that some of
the Rydberg states of HBr can interact with the
valence ion pair states. The energy shift upon
the solvation of the valence ion pair state is
expected to be larger than that for the Rydberg
states because of the charge-dipole interaction
(7). Thus, the energy of the valence states is
lowered much more than that of the Rydberg
states. In mixed clusters of HBr-water, where
acid ionization has not occurred in the ground

H+Br
10— H* + Br-
— éSoIvation
> \ i
A e
= y
<)
B
[
| =4
w
57 H + Br
X(1z+)
| ] |

state, the ion pair can be photoinduced to form
by the following mechanism. An HBr(H,O),
cluster is formed in the molecular beam, and a
two-photon absorption promotes the complexed
HBr molecule to the C'II state, shifted in energy
by the interaction with the water molecules.
Electronic and vibrational excitation of the HBr
molecule by the pump photons results in the
formation of the ion pair. Solvation, as depicted
in Fig. 2, lowers the energy of the V'3 state so
that it is accessible from the C!I] state by inter-
nal conversion. In the unsolvated case, the va-
lence state is not energetically accessible. Be-
cause of the small absorption cross section of
the VIZ* valence state (17), the ionization prob-
ability is low. The data in Fig. 1 reveal that as
the ion pair forms, the solvent reorganizes about
the ion core. In simulations of the acid ioniza-
tion of HCI in water clusters, Ando and Hynes
have shown that solvent reorganization follows
the formation of the contact ion pair (18). As the
solvent reorganizes around the H**Br ion core,
the absorption cross section increases, resulting
in an increase in the ion signal and thus a rise in
the pump-probe traces.

The ionization potentials (IPs) of HBr and
HBr(H,0) were calculated with the program
GAMESS (19), with a 6-31G basis set having
additional diffuse and polarizable functions
added. Geometries were optimized with the
unrestricted Hartree-Fock computational meth-
od, followed by energy calculations with the
MP2 level of theory. Although not a high-level
calculation, it is sufficient to account for the
energy differences responsible for our findings.
For a vertical process, the vertical IP of HBr is
11.7 eV, whereas that of HBr(H,O) is calculat-
ed to be ~11.0 eV, showing that solvation
lowers the IP by 0.7 eV (Fig. 3). In the adiabatic
ionization process, HBr(H,O) is rearranged to

yield the proton-transferred dimer ion
\
: HBr* ~ 11,7
HBreH,0*
Vertical IP ~ 11.0
® BI"H30+
s S| Adiabatic IP ~ 10.3
g H*Br a
5| Vo) g
i H*Br-H,0 <
v(1z+)
HBr HBr-H,0

1 2 3 4
r (H-Br) (A)
Fig. 2. Potential energy surface of HBr. Down-
ward arrows qualitatively indicate solvation of

the V(2 ') valence state [adapted from (75)]. r,
internuclear separation.

Fig. 3. lonization potentials for HBr and
HBr(H,0), calculated with GAMESS. The left
side of the figure shows the energy levels for
the unsolvated HBr molecules. The right side of
the figure shows the shift in the energy levels
due to solvation and solvent reorganization.
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(BrH,0)*. The calculated IP of this species is
~10.3 eV, which is lower than the IP of the
molecular complex by 0.7 eV. Such a dramatic
change in the energetics with solvent rearrange-
ment implies that the ability to detach the elec-
tron from the fully solvated complex (solvent-
separated ion pair) should increase.

In agreement with this expectation, the
data in Fig. 1 show that as the degree of
solvation increases, so does the rise time of
the pump-probe response. Because the rise in
the pump-probe response is sensitive to the
solvent reorganization about the contact ion
pair, the amount of time it will take for the
molecules to reorganize to form the solvent-
separated ion pair will increase with the num-
ber of solvent molecules surrounding the ion
pair core. Similar results were observed for
protonated HBr clusters, which indicate that
self-solvation can induce ion pair formation
in the excited state by a mechanism analo-
gous to solvation by water molecules (/2).

According to theoretical predictions (I-3),
ion pair formation should begin in mixed clus-
ters [HBr(H,O), with n = 3]; and in clusters
with n = 4 or higher, complete dissolution
should occur. If the ion pair forms in these
species as suggested, upon sufficient hydration
it should become observable in the ground state
without being photon-mediated. Formation of
the ion pair should also alter the potential ener-
gy surface so that photon absorption should not
occur in the same way as it does in the case of
the hydrated complex, in which the molecular
nature of HBr is retained. The ion intensity at
the zero delay time decreases with increasing
cluster size. This decrease in intensity is attrib-
uted to the formation of the ion pair in the
ground state. An increase in the H-Br internu-
clear separation accompanies the formation of
the ion pair and is expected to result in a
decrease in the absorption cross sections for
photons of the same frequency. The observed
rise in the signal of the H* (H,0), cluster shows
that a substantial population rearranges on the
picosecond time scale to form the fully solvated
ion pair H*(H,0),Br in the excited state.
Thus, complete ion pair formation could not
have occurred in the ground state at n = 4, and
a portion of the species in the molecular beam
exists in the molecular HBr(H,0), form rather
than the ion pair form.

In the mass spectra, we observed H*(H,0),,
with » = | to 4, whereas HBr clusters were
readily observed with sizes ranging up to 10.
We found that water replacement in the acid
clusters was facile at all cluster sizes; therefore,
failure to observe the n = 5 cluster was not due
to intensity issues. From the large change in the
cross section at n = 4, and particularly from the
lack of observation of an » = 5 protonated
water cluster (despite observing the larger clus-
tered HBr species), we conclude that this rep-
resents evidence that the cluster size for com-
plete dissolution is five water molecules. In

REPORTS

clusters smaller than this, ion pair forma-
tion can be induced by electronic excita-
tion. The theoretical predictions (/-3) of
HBr dissolution were determined for equi-
librium structures, whereas the experiments
were performed at a finite temperature,
though accurate knowledge of the molecu-
lar beam temperature was not known.
Therefore, our experimental findings of
complete dissolution of HBr by water at the
n = S cluster size can be considered to be
in reasonably good agreement with the the-
oretical predictions.
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Selective and Efficient
Platinum(0)-Carbene Complexes
As Hydrosilylation Catalysts
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Gérard Mignani,? Paul Branlard,? Bernard Tinant,2
Jean-Paul Declercq?®

The hydrosilylation reaction enables the production of silicon polymers. Plat-
inum-carbene complexes are reported that catalyze the hydrosilylation reaction
of alkenes with remarkable efficiency and exquisite selectivity and avoid the
formation of platinum colloids. By-products, typically encountered with pre-
vious catalytic systems, are suppressed with these platinum derivatives.

The hydrosilylation reaction, the addition of a
Si-H unit to a C-C double bond to form an
alkylsilane (Fig. 1A) (/-3), enables the pro-
duction of silicon polymers used in silicon
rubbers, liquid injection molding products,
paper release coatings, and pressure-sensitive
adhesives (4). The hydrosilylation reaction
can be initiated or catalyzed in numerous
ways (5). Among these, the use of metal salts,
supported metals, and transition metal com-
plexes are the most common, with platinum
derivatives being overwhelmingly preferred
(6). Two Pt-based systems, the Speier (7)
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catalyst (H,PtCl,/'PrOH) and the Karstedt
catalyst 8 (Fig. 1C), have found widespread
use in the silicone industry (8).

Unfortunately, hydrosilylation by Karstedt
catalyst 8 suffers from a number of drawbacks,
including the formation of significant amounts
(20 to 40%) of the isomeric olefins 4 and 5, the
reduced alkene 6, and the dehydrocondensation
adduct 7 (Fig. 1A) (9). If these impurities are not
removed in a subsequent postreaction treatment,
they lead to deleterious effects on the quality or
properties of the final materials. In addition, the
formation of colloidal Pt species during the
course of the hydrosilylation reaction often re-
sults in undesired side reactions and coloration
of the final product (10, 17). We now report that
readily available platinum(0)-carbene complex-
es catalyze the hydrosilylation reaction with re-
markable efficiency and exquisite selectivity
and, in many cases, produce almost exclusively
adduct 3 (12).
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