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Building upon our recent studies of noncovalent interactions in chlorobenzene and bromobenzene clusters, in
this work we focus on interactions of chlorobenzene (PhCl) with a prototypical N atom donor, ammonia (NHs).
Thus, we have obtained electronic spectra of PhCl-+<(NHs), (n = 1-3) complexes in the region of the PhCI
monomer So -S; (rut*) transition using resonant 2-photon ionization (R2P1) methods combined with time-of-
flight mass analysis. Consistent with previous studies, we find that upon ionization the PhCI---NH3 dimer cation
radical reacts primarily via Cl atom loss. A second channel, HCl loss, is identified for the first time in R2PI studies
of the 1:1 complex, and a third channel, H atom loss, is identified for the first time. While prior studies have
assumed the dominance of a mt-type complex, we find that the reactive complex corresponds instead to an in-
plane o-type complex. This is supported by electronic structure calculations using density functional theory and
post-Hartree—Fock methods and Franck—Condon analysis. The reactive pathways in this system were extensively
characterized computationally, and consistent with results from previous calculations, we find two nearly
isoenergetic arenium ions (Wheland intermediates; denoted WH1, WH2), which lie energetically below the
initially formed dimer cation radical complex. At the energy of our experiment, intermediate WH1, produced
from ipso-addition, is not stable with respect to Cl or HCl loss, and the relative branching between these
channels observed in our experiment is well reproduced by microcanonical transition state theory calculations
based upon the calculated parameters. Intermediate WH2, where NH3 adds ortho to the halogen, decomposes
over a large barrier via H atom loss to form protonated o-chloroaniline. This channel is not open at the (2-
photon) energy of our experiments, and it is suggested that photodissociation of a long-lived (i.e., several ns)
WH?2 intermediate leads to the observed products.

| Introduction

The study of molecular clusters offers valuable insight into important noncovalent interactions including
hydrogen bonding, m—mt stacking, CH/m interactions, and halogen bonding. These fall into a general class of
donor—acceptor interactions and are important in many chemical and biological processes. For example, such
interactions play an important role in controlling chemical reactivity and molecular structure,(1-10) are central
to processes of molecular recognition and binding,(11-16) and contribute to the structure and function of
biomolecules.(17-22) Increasingly, halogen-bonding has been recognized as an important noncovalent
interaction in systems featuring halogen atoms.(3, 15, 23-30) The halogen bond, which involves a halogen (X)
atom as electron acceptor, arises from the polarized electron distribution around the halogen, which gives rise
to a region of positive electrostatic potential on the axis of the C—X bond referred to as the “o-hole”.(31-33) The



magnitude of this hole depends both on the halogen, increasing from F to |, and electron withdrawing power of
substituent groups.(34)

Because of the presence of a convenient chromophore, which allows the application of one-color resonant 2-
photon ionization (R2PI) spectroscopy with mass-selective detection, clusters of aromatics have long been used
as model systems for probing noncovalent interactions of various types.(35, 36) In early studies by Zwier and co-
workers,(37, 38) the water—benzene complex was detected using R2PI spectroscopy in concert with resonant ion
dip infrared spectroscopy. The data supported a n-type structure for the complex, which, however, was
determined in model calculations to be extremely floppy. In the ensuing years, ionization based methods have
been extensively applied to the study of molecular complexes.(39-81)

The dimers of halobenzenes with ammonia are model systems for understanding the effects of complex
formation on bimolecular reactions, as found initially by Brutschy and co-workers.(82, 83) In a 1988
communication and a later report in 1990, Maeyama and Mikami showed that ionization of the

PhCI---NH3; complex resulted in Cl atom loss to yield protonated aniline (anilinium ion), through an intracluster
Sn2 reaction from the ionized complex.(76) The origin band of the S¢—S; spectrum of the complex was blue-
shifted from the monomer (PhCl) origin by ~76 cm™, and while no information on the structure of the complex
was obtained, the following reaction scheme was postulated:

(1)

2h
CeHsCl-- NH; —  [C¢HsCl -+ NHg]**
— [C¢HsCl — NH;]*"
~ [CeHsNH,]* + CI*

Brutschy and co-workers conducted similar R2PI studies on fluorobenzene, chlorobenzene, and p-
chlorofluorobenzene complexes with methanol and ammonia.(77-83) In the case of the PhF:::NH; dimer, a blue-
shifted (~58 cm™) feature was observed in the S¢—S; spectrum, but the dimer was found to be unreactive upon
ionization. This was consistent with earlier biomolecular reactions of halobenzene cations with ammonia, where
PhX (X = Cl, Br, I) radical cations were found to react with ammonia to yield anilinium ions, but PhF radical
cations did not.(84) However, the PhF--:(NHs)> complex did react upon ionization, decaying via either HF loss, to
give the aniline cation radical, or dissociative electron transfer. A band observed ~47 cm™ above the S; origin of
the 1:1 dimer was initially assigned to the 1:2 dimer; however, this assignment was later questioned, and this
band attributed to a second conformer of the 1:1 dimer.(85) In a more recent study by Cockett and co-workers,
which employed multidimensional Franck—Condon simulations,(86) it was shown that the structure in the So—

S1 spectrum can be attributed solely to an in-plane four-center oortho complex, bound by C—H---N and N—H---F
interactions.

In 2006, Brutschy and co-workers published IR-depletion spectroscopy in the N-H stretching region of

NHs; clusters with benzene, toluene, fluorobenzene, chlorobenzene, and p-difluorobenzene;(87) the spectra
were complemented by theoretical studies at the MP2 level. For the halobenzenes, MP2 calculations identified
three isomers of the 1:1 complex with ammonia; (a) a structure bound solely by N—H/m interaction with one N-H
group pointing into the mt-cloud of the halobenzene (), (b) a structure bound by both N—H/mt interaction and a
N-H---Cl hydrogen bond (Trigge); and (c) an in-plane, four-center structure bound by N---H-C and N-H---Cl
hydrogen bonds (Oortho). By comparing the experimental shifts from the free NH; absorptions, the authors
concluded that the observed structure of the PhF::NH3 and PhCl---NHjs clusters corresponded to the out-of-plane
(Ttbrigge) Structure. This stands in contrast with the findings of Cockett and co-workers for PhF::-NHs.(86) While an
above plane (n-type) complex could be envisioned to easily react upon ionization, does the reactive dimer for



PhCI---NH3 correspond to an in-plane structure? This is one of the questions we seek to address in the present
study.

Information on the binding energy of PhCl---(NHs), clusters comes from the study of Garvey and co-workers, who
used tunable VUV radiation to effect single-photon ionization.(88) The ionization potentials of the

PhCI---(NHs), clusters with n = 1-3 were measured, and from the appearance potentials, the dissociation energy
of the PhCl---NH3 dimer was determined to be 12.2 + 2.2 kJ/mol, while that of the [PhCl---NHs]** cation radical
was found to be 43.5 + 2.9 kJ/mol. Importantly, this study identified a second loss channel for the ionized dimer,
HCI loss giving rise to the aniline cation radical, which was suggested to come from the ionized dimer and not
from secondary processes. To date this channel has not been seen in R2PI studies; however, it is noteworthy
that a molecular elimination channel forming HCI was observed in R2PI studies of PhCIF--:NH3; clusters by
Brutschy and co-workers.(80, 89)

The prototypical PhCl + NHs system has also been the subject of theoretical investigation. Early MNDO
calculations predicted a triple-well energy profile, with reaction from the initial ionized complex leading
through ipso-substitution to a chlorocyclohexadienyl radical ion, or Wheland intermediate, the loss of Cl from
which proceeded without a barrier to give the Cl + protonated aniline products.(84) At this level of theory, the
intermediate was calculated to lie 34 kJ/mol below the ionized complex. Such intermediates in related systems
have been the focus of recent experimental studies.(90-92) More recently, Tachikawa examined ionization
processes in the PhCl---NH3; complex using direct ab initio molecular dynamics.(93) In this work, the complex was
presumed to adopt a mey: Structure, and two Wheland intermediates were found, which computationally were
formed in nearly equal yield following a vertical photoionization. The first resulted from ipso-substitution (we
denote this WH1 throughout this work), the second from substitution ortho to the halogen (WH2). At energies
corresponding to a vertical ionization, WH1 was formed within ~0.5 ps following ionization, and Cl atom loss
followed on a ~1 ps time scale. In contrast, while WH2 was formed on a similar time scale, it exhibited a longer
lifetime (>2 ps) due to the high barrier for C-H bond fission. There has to date been no experimental evidence
for the formation of WH2.

Despite the many studies on this prototypical system, it is clear that significant open questions remain,
particularly concerning the structure of the reactive complex. Moreover, to date, halogen bonded structures
have not been considered. Building upon previous studies of noncovalent interactions in chlorobenzene clusters,
the present work highlights the study of clusters of chlorobenzene with ammonia. Experimental studies using
R2PI spectroscopy are supported by electronic structure calculations based upon density functional theory (DFT)
and post-Hartree—Fock (MP2) methods in concert with correlation consistent basis sets, which have
characterized the important stationary points and reactive pathways in this prototypical system. While prior
studies have assumed the dominance of a n-type complex, we find that the reactive complex corresponds
instead to an in-plane o-type complex. The reactive pathways in this system were extensively characterized
computationally, and consistent with results from previous calculations, we find two nearly isoenergetic
arenium ions (Wheland intermediates; denoted WH1, WH2), which lie energetically below the initially formed
dimer cation radical. At the energy of our experiment, intermediate WH1, produced from ipso-addition, is not
stable with respect to Cl or HCl loss, and the relative branching between these channels observed in our
experiment is well reproduced by microcanonical transition state theory calculations based upon the calculated
parameters.

Il Experimental and Computational Methods

Our experiments utilized a linear time-of-flight mass spectrometer (TOFMS) coupled with a supersonic molecular
beam source. A 1:5:100 mixture of chlorobenzene/NHs/He was generated by passing a premix of NHs/He over a
sample of chlorobenzene held in a temperature controlled bath. This mixture was expanded at a total pressure



of typically ~1-2 bar from the 1.0 mm diameter nozzle of a solenoid-activated pulsed valve (General Valve), and
the resulting gas pulse, of ~1 ms duration, passed through a 1.0 mm diameter skimmer into the differentially
pumped flight tube of a one-meter linear TOFMS. The flight tube vacuum was maintained by a 250 L/s
turbomolecular pump, and a gate valve used to isolate the detector, which was kept under vacuum at all times.
The main chamber was evacuated with a water-baffled diffusion pump (Varian VHS-4). With the nozzle on,
typical pressures were ~5 x 10~ mbar (main chamber) and ~1 x 107 mbar (flight tube). The background
pressure in the flight tube could be lowered further by liquid nitrogen cooling of the vacuum shroud; however,
this was not required in the present experiments.

lonization was initiated by a 1 + 1 R2PI scheme, with laser light near 270 nm generated from frequency doubling
in a BBO crystal the output of a dye laser (Lambda-Physik, Scanmate 2E), pumped by the third harmonic of an
Nd:YAG laser (Continuum NY-61). The laser was operated on a C540A dye, giving typical output pulse energies of
~1 mJ in the doubled beam, which was loosely focused with a 1.0 m plano-convex lens into the chamber.

lons were extracted and accelerated using a conventional three-plate stack, with the repeller plate typically held
at +2100 V, the extractor plate at +1950 V, and the third plate at ground potential.(91) The ions traversed a path
of 1 m prior to striking a dual chevron Microchannel Plate (MCP) detector. The detector signal was amplified
(x25) using a fast preamplifier (Stanford Research SRS445A), and integrated using a boxcar system (Stanford
Research SRS250) interfaced to a personal computer. An in-house LABVIEW program controlled data acquisition
and stepped the laser wavelength; typically, the signal from 20 laser shots was averaged at each step in
wavelength.

To support our experimental findings, electronic structure calculations were performed using the Gaussian 09
software package on the MU Pere high speed cluster.(94) Full geometry optimizations were carried out using
DFT (M06-2X) with an aug-cc-pVDZ basis set, with single-point CCSD(T) energies obtained for selected
structures. Prior computational studies on related systems(17, 95, 96) have extensively benchmarked the
performance of DFT methods against high level post-Hartree—Fock ab initio single reference methods. The
Minnesota meta-GGA (generalized gradient approximation) hybrid functional M06-2X, among other methods,
provides a good cost to performance ratio,(97) and the aug-cc-pVDZ basis set performs well in calculating the
counterpoise correction.(95) Our calculated binding energies were corrected for zero-point energy (ZPE), with
the counterpoise method used to correct for basis set superposition error (BSSE).

Time-dependent DFT (TDDFT) methods based on range-separated hybrid and meta-GGA hybrid functionals were
used to calculate the electronic spectra of the clusters and the optimized geometry of the S; states. Methods
employed included the meta-GGA hybrid functionals M06 and M06-2X,(97) and CAM-B3LYP,(98, 99) all with an
aug-cc-pVDZ basis set. The performance of M06-2X for electronic excitations, including Rydberg and Charge
Transfer excitations, has recently been benchmarked.(100)

[l Results and Discussion

Previous R2PI studies have shown that the PhCl---NHs; complex displays an origin band, which is shifted ~76 cm™
! to the blue of the S¢=S; (rt*) origin band of the PhCl monomer. With the laser tuned to this position, a
representative mass spectrum was obtained and is shown in the lower panel of Figure 1. The upper panel
displays an expanded view in the region of the PhCl--NH3 dimer. Note the small intensity of the parent dimer
peak with respect to the higher order clusters, and the strong intensity of daughter peaks corresponding to
aniline (An) and protonated aniline (AnH). This is evidence that the dimer, upon ionization, reacts via the
following pathways, in addition to the previously mentioned Cl atom loss (1):

(1)



2h
CeHsCl--NH; —  [CgHsCl -+ NHg]**
- [C6H5Cl - NH3]+.
— [CeHsNH,]* + CI*

(2)
— [C4HsNH,]** + HCl
3)
— [C4H,CINH,]* + H°

Channels 1 and 2 have previously been examined in detail; however, the nature of the intermediate has not
been well determined. For example, it is not known whether the Cl and HCl products arise from the same or
different intermediates. To our knowledge, no previous reports have identified a channel for H atom loss.

1 n 1 n 1
o-CIANH(?)
- PhCI-NH,
T T v T T T T
120 125 130 135 140
AnH PhCI-(NH,),
L PhCI 1 2 3
T A
' [ I 1 1
80 100 120 140 160 180
m/z

Figure 1. Time-of-flight mass spectrum resulting from resonant 2-photon ionization (R2PI) at a wavelength
coincident with the origin band of the PhCl--:NH3 dimer. The small signal at the parent wavelength reflects an
intracluster reaction upon ionization, leading to (a) Cl atom loss, producing protonated aniline; (b) HCl loss,
producing aniline cation radical; and (c) H atom loss, producing o-chloroaniline cation radical.

The R2PI spectrum obtained in the AnH* channel, corresponding to Cl atom loss, is compared in the upper panel
of Figure 2 with the monomer spectrum. As previously reported, the origin of the complex is shifted ~76 cm™ to
the blue of the monomer origin, and the spectrum is origin dominated. These points will be discussed further
below. The spectrum in Figure 2 is very similar to those measured in the mass channels associated with aniline
and the parent complex, as shown in Figure S1 in the Supporting Information,(101) indicating that these share a
common precursor. Our spectra indicate that the 1:1 complex is responsible for this feature, as the R2PI spectra
of the 1:2 and 1:3 complexes display very broad, unresolved bands that are most likely indicative of multiple
conformers, as shown in Figure S2 in the Supporting Information.
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Figure 2. Upper panel: R2PI spectra of the PhCl monomer (red) and PhCl---NHs5 dimer (blue). The latter was
measured in the protonated aniline mass channel. Lower panel: Calculated adiabatic transition energies of the
PhCl monomer and four minimum energy dimer structures (D1-D4) from TDMO06-2X/aug-cc-pVTZ optimizations
of the Sp and S; states, scaled to match the experimental value of the monomer absorption.

The prior theoretical (MP2) study of Brutschy and co-workers identified three isomers of the 1:1 complex; Tout,
Tlridge, @Nd Oortho.(87) To further characterize this complex, we employed DFT calculations at the M06-2X/aug-cc-
pVXZ (X = D,T) level, with geometry optimizations initiated from a variety of starting geometries. Our choice of
functional stems from the extensive benchmarking reported by Sherrill and co-workers on similar types of
complexes.(95) Four minimum energy structures (D1-D4) were found, and these are shown in Figure 3; noted
are the calculated binding energies, counterpoise and ZPE corrected, which are similar at this level of theory.
Dimers D1, D2, and D3 correspond to previously identified mout, Toridge, aNd Oortho Structures, while D4 is a second
o complex where the NHs group has rotated to afford two N—H-:-Cl hydrogen bonds. No minimum associated
with a halogen-bonded (i.e., C—Cl-:-N) structure was found at this level of theory. We subsequently carried out
single-point counterpoise-corrected CCSD(T)//MO06-2X/aug-cc-pVTZ calculations, and these energies are given in
Table 1. At this level of theory, D3 is the global minimum energy structure, with a binding energy of -8.0 kJ/mol.
This may be compared with the experimental value of -12.0 + 2.2 kJ/mol.(88)
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Figure 3. Optimized structures and binding energies of four minimum energy PhCl---NH; dimer structures (D1-
D4) at the M06-2X/aug-cc-pVTZ level.

D2
-6.3 kdfmol

3.155

Table 1. Calculated Binding Energies of PhCl--:\NH; Dimer Structures

calculated binding energies (kJ/mol)
dimer | M06-2X/aug-cc-pVTZ CCSD(T)//M06-2X/aug-cc-pVTZ




D1 -6.4 -5.6
D2 -6.7 -4.2
D3 -6.3 -8.0
D4 -5.9 -7.3

Given the range of possible dimer structure(s), which are responsible for the observed electronic spectrum? To
answer this question, we carried our TDDFT calculations of the vertical excitation energies, and TDDFT
optimizations of S; excited states, at the TDCAM-B3LYP and TDMO06-2X level of theory, with aug-cc-pVXZ (X =
D,T) basis sets. Then, multidimensional Franck—Condon calculations were employed to simulate the vibronic
structure in the electronic spectrum, based on the calculated parameters. The adiabatic transition energies
obtained from TDMO06-2X/aug-cc-pVTZ calculations are shown in the lower panel of Figure 2, where the
calculated energies have been scaled to match the experimental energy of the monomer origin.

These calculations predict a red shift for dimers D1 and D2, which involve significant N—H/mt interactions, and a
blue shift for D3 and D4. The calculated shifts for D3 and D4 are of similar magnitude, and within 10 cm™ of the
experimentally observed shift. Thus, while the electronic spectra cannot distinguish between D3 and D4, our
results strongly suggest that the observed electronic absorption is associated with a o-type neutral complex.

Additional evidence in support of this assignment comes from multidimensional Franck—Condon simulations
based upon the calculated equilibrium geometries and mass-weighted normal mode displacements, where the
effects of Duschinsky mixing were incorporated. The simulations included the lowest frequency intermolecular
modes, and representative spectra were calculated for dimers D2 (rnt-type) and D3 (o-type). For D3, our
calculations find little geometry change between So and S, giving rise to origin dominated spectra, as shown in
Figure 4, where transitions involving the five lowest frequency intermolecular modes were included. In contrast,
D2 undergoes a significant geometry change in the electronic transition, where the N—H---Cl interaction is largely
broken in the excited state and a bidentate interaction with the m-system is the preferred binding motif. As a
result, extensive FC activity is predicted in the low-frequency intermolecular vibrations (Figure 4), a result
inconsistent with the experimental spectrum (Figure 2). Thus, FC simulations also support the assignment of the
observed spectrum to a o-type complex.

Ly &

I I
0 500 1000 1500

relative wavenumber in cm™
Figure 4. Franck—Condon simulations of the electronic absorptions of the PhCl:--NH;3 dimers D2 (lower) and D3.

The simulations account for the effects of Dushinsky mixing; details are provided in the text.



Having established though electronic structure calculations and Franck—Condon simulations that a o-type
complex is responsible for the experimental R2PI spectra, we carried out additional calculations on the ionized
complex to chart the reaction pathways leading to the observed products. In these calculations we considered
two types of Wheland intermediates: one derived from ipso-substitution (WH1), the other from substitution at a
position ortho to the halogen atom (WH2). The rationale for considering substitution at the ortho as opposed to
meta or para positions is the expectation that the structure of D3 should favor the former (Figure 3).

Considering the Wheland intermediate derived from jpso-substitution, calculations at the M06-2X/aug-cc-pVDZ
level show that WH1 lies 30 kJ/mol lower than the ionized complex (D3), as shown in Figure 5a. While a
transition state between D3 and WH1 was not identified computationally, Garvey and co-workers used tunable
VUV photoionization to determine the ionization potential of the PhCl---NH3; dimer as 8.744 + 0.022 eV, and the
appearance potential of protonated aniline (formed coincidentally with Cl atom) as 8.935 + 0.004

eV,(88) implying a barrier to reaction of ~14 kJ/mol. A transition state connecting WH1 to the products
associated with Cl atom loss (i.e., Cl + protonated aniline) was found computationally and verified by intrinsic
reaction coordinate calculations (Figure S3 in Supporting Information). This transition state lies ~15 kJ/mol
above WH1 (Figure 5a). Thus, upon ionization of the complex, ipso-substitution leading to WH1 affords C—Cl
bond scission to yield protonated aniline.

Relative Energy in kJ/mol

-30 —

—45 =

Relative Energy in kJ/mol
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—75 - e
Figure 5. Calculated (M06-2X/aug-cc-pVDZ) stationary points on the potential energy surface of the ionized
PhCl--:NHs complex, reflecting ipso-substitution leading to Wheland intermediate WH1. (a) Stationary points
associated with the reaction path to Cl atom loss. (b) Stationary points associated with the reaction path to HCI
elimination.

Does the HCl elimination channel derive from the same (WH1) intermediate? Theory suggests that it does. As
shown in Figure 5b, a four-center transition state leading to the products associated with HCl loss (i.e., HCI +
aniline cation radical) was found, as verified by intrinsic reaction coordinate calculations (Figure S4 in Supporting
Information). The nature of the reaction path suggests that HCl elimination reflects a frustrated Cl loss from
WHZ1 (Figure 4). It is therefore not surprising that this transition state lies energetically higher than that for Cl
loss, ~25 kl/mol above WH1 (Figure 5b), yet still lower than the energy of the ionized complex (D3). Thus, ipso-



substitution leading to WH1 will afford HCl elimination to yield the aniline cation radical, as is observed
(Figure 1).

Theory suggests that the HCl elimination and Cl atom loss channels occur competitively from WH1, yet due to
the lower barrier the latter channel should predominate (Figure 5). To quantify the relative branching, we used
microcanonical transition state theory as implemented in the CHEMRATE program.(102) On the basis of the
transition state structures, vibrational frequencies, and stationary point energies determined from our
computational studies, these calculations predict that at the excess energy of our experiment the ratio of Cl to
HCl loss is ~5.6:1. This is in very good agreement with our experimental finding of 5.4:1, determined from the
integrated intensities in the TOF mass spectrum shown in Figure 1. The calculated rates for the Cl and HCI
channels as a function of energy are shown in Figure S5 in the Supporting Information, while the parameters
used in the rate calculations are listed in Table S1.

We now turn to intermediate WH2 and the pathway for H atom loss. As shown in Figure 6, a transition state was
found computationally [M06-2X/aug-cc-pVDZ level], which is consistent with addition to form WH2 from ionized
dimer D3. This transition state lies ~4 kJ/mol above the energy of the ionized dimer. Our calculations confirm
that WH2 is a minimum, which lies ~40 kJ/mol below ionized dimer D3. A second transition state was found
computationally, connecting WH2 with the products H + protonated ortho-chloroaniline (Figure 6). The IRC
calculation for this transition state is shown in Figure S6 in the Supporting Information. Our calculations show
that H atom loss occurs over a sizable barrier, and neither the energy of this barrier nor the product asymptote
is energetically available at the (2-photon) energy of our experiment. On the basis of the energetics shown in
Figure 6, in our experiment WH2, once formed, can only decay back to the ionized complex. Microcanonical
transition state calculations based upon the calculated parameters (listed in Table S2, Supporting Information) of
WH2 and the transition state for back-isomerization predict that the lifetime of the WH2 intermediate is ~2.5 ns
at the 2-photon energy accessed in our experiment. This lifetime is comparable to our laser pulsewidth, and
thus, subsequent photodissociation of the initially formed WH2 intermediate is the probable explanation for our
observation of a H-atom loss channel. However, because of the small signals associated with this channel, it was
not possible to conduct measurements of the fluence dependence of the ion yield, which might confirm this
hypothesis. It would be highly desirable to probe this channel using ion-imaging methods.

120
100
80
80
40
20

o0

Relative Energy in kJ/mol

204

—40

-60 - -
Figure 6. Calculated (M06-2X/aug-cc-pVDZ) stationary points on the potential energy surface of the ionized
PhCI---NH3 complex, reflecting substitution ortho to the halogen, leading to Wheland intermediate WH2.
Stationary points associated with the reaction path to H atom loss are shown.



IV Conclusions

In this work, we have examined reactive pathways in a prototypical and well-studied system, the cation radical
derived from ionization of chlorobenzene (PhCl) complexed with ammonia (NHs). R2PI spectra of

PhCl--<(NHs), (n = 1-3) complexes in the region of the PhCl monomer S¢—S; (rut*) transition find, consistent with
earlier studies, that the PhCl---NH3 dimer cation radical reacts primarily via Cl atom loss, to give protonated
aniline. A second channel, HCl loss to give aniline cation radical, is identified for the first time in R2PI studies of
the 1:1 complex, and we have also identified a third channel, H atom loss, for the first time. We have shown,
both through electronic structure calculations based upon density functional theory and post-Hartree—Fock
methods and Franck—Condon analysis, that the reactive complex corresponds to an in-plane o-type complex.
This stands in contrast to previous reports, which have assumed that the neutral dimer structure corresponded
to a m-type complex.

In this work, the reactive pathways following photoionization of the complex were extensively characterized
computationally. Consistent with a prior direct ab initio molecular dynamics study, two nearly isoenergetic
Wheland intermediates were found (WH1 and WH2), which lie significantly lower in energy than the initially
formed dimer cation radical. At the energy of our experiment, intermediate WH1, produced from ipso-addition,
is not stable with respect to Cl or HCl loss, and the branching between these channels is well reproduced by
microcanonical transition state theory calculations based on the computed parameters. In contrast,
intermediate WH2, where the NHs adds ortho to the halogen, decomposes over a large barrier via H atom loss
to form protonated o-chloroaniline. This channel is not open at the (2-photon) energy of our experiments, and it
is suggested that photodissociation of a long-lived WH2 intermediate leads to the observed product.

Supporting Information

Figures S1-S2 show additional R2PI spectra in distinct mass channels for the dimer and higher order complexes.
Additional computational data includes intrinsic reaction coordinate calculations for the optimized transition
states in this work (Figures S3, S4, and S6). Finally, we include tables of calculated data (Tables S1 and S2) that
were used as input into the rate calculations, and a figure displaying the output of those calculations (Figure S5).
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