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Complexes of chlorobenzene and ammonia, C6H5ChNH3, C,&Cl(NH3)2, and C&I5Cl(NH3)3, were studied 
by single-photon ionization. The ionization potentials of these three complexes were measured to be 8.744 f 
0.022, 8.652 f 0.013, and 8.555 f 0.012 eV, respectively. The appearance potential of C6HsNH3+ from 
C6H5CbNH3 was found at 8.935 f 0.004 eV, which, with the known heat of formation of anilinium ion, gives 
the dissociation energy D(c6H~cbNH3)  = 2.9 f 0.5 kcal mol-' (12.0 f 2.2 kJ mol-'). Then, from its onset 
energy from C6H5ChNH3, the dissociation energy of ( C ~ H S C ~ . N H ~ ) +  is calculated to be D[(C6H&l.NH3)+] 
= 10.4 f 0.7 kcal mol-' (43.5 f 2.9 kJ mol-'), unusually large for a heterodimer ion. No production of 
C&NH3+ from trimers could be detected in the onset region. The ion C&NH2+ has onsets of 8.849 f 0.009 
and 8.855 f 0.029 eV from C6HsCbNH3 and C6H&l(NH3)2, respectively. These energies are below the onset 
for C6H5NH3+ but far above the thermochemical thresholds for aniline ion, which are near 7.6 eV. Evidently, 
C6HsNH2+ is not produced by dissociative ionization of the excited neutral complex. Instead, the complex must 
first be ionized and excited to a t  least 0.1 eV. Since the onsets for (C~HSCI*NH~)+ and C&NH2+ are lower 
than for C&NH3+, then (C&Cl-NH3)+ in its ground state does not spontaneously form CaH5NH3+. Kinetic 
energy release distributions measured for C&NH2+ and CaH5NH3+ indicate that the formation of both ions 
is consistent with statistical processes; i.e., no evidence for nonstatistical mechanisms was found, even for photon 
energies as large as 17.7 eV. 

Introduction 
Dissociative reactions in small mixed dimer ions u s u a l l y p r d  

with barrier energies (&) of the order of tenths of an electronvolt 
to several electronvolts. For example 

(C2H4.HC1)+ - C2H4Cl+ + H (Eb = 0.7 eV)2 (2) 

Analogous reactions that do not occur in dimers often take 
place in trimers, but still with high  barrier^.^^^ 

(C6H6.02)' -& C6H60' + 0 (3) 

(Reactions 5 and 6 afforded the first reported demonstration of 
the effect of specific microsolvation on an intracluster ion- 
molecule reaction.4) The need to overcome the barriers, and the 
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nonoccurrence of many reactions except in larger clusters, makes 
it difficult to study most photoionization-induced intradimer 
reactions. 

However, the chlorobenzene/ammonia heterodimer and several 
related complexes make up a small class of clusters that are 
exceptions to this general rule. For example, the intradimer 
reaction 

is unusual because it apparently praceeds with little or no barrier.5 
This and certain other convenient characteristics (see below and 
ref 6) have permitted these special clusters to be extensively studied 
by resonance-enhanced multiphoton ionization (REMPI). These 
reactions may be characterized as follows. (1) The cluster ions 
disintegrate spontaneously and rapidly into reaction products from 
state@) that can be reached with available laser photon energies. 
(2) REMPI requires an intermediate state with special properties, 
so that, up to the time of this writing, the experiments have been 
done only on clusters for which one moiety of the dimer or cluster 
is restricted to simple aromatic compounds.6 (3) It must be 
possible to resolve and identify this intermediate level with the 
target cluster. As the clusters get larger, or as the molecules 
comprising them get more complex, spectral congestion makes 
the interpretation of the data difficult or impossible. Another 
consequence of the above limitations is that the energy range for 
such studies is confined to energies less than about 11 eV. 

Maeyama and Mikamis published the first REMPI spectrum 
of C6H5NH3+ produced from chlorobenzene/ammonia hetero- 
complexes. (However, see also the discussion of priority given 
in ref 78 of ref 15.) Immediately following their report, many 
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REMPI investigations ensued on this and other halobenzene/ 
ammonia systems,9-1* as well as on other aromatic-containing 
systems. 19-21 

In the laser absorption spectroscopy of C6HsCl/NH3 complexes, 
each complex displays an SI line that is shifted relative to the S1 
line of uncomplexed C6HsCl. In this and other systems it is the 
assignments of the shifted S1 lines that have caused some 
controversy, for several reasons. (i) At the outset one does not 
h o w  what the magnitude, or even the sign, of the shift will be.22.23 
(ii) In some expansions the heterodimer can be very dilute 
compared to larger clusters (e.g., ref l), so that its shifted S1 peak 
could be overlooked compared to a nearby SI peak from a different 
cluster. (iii) The reaction may be very size specific and therefore 
not occur at all for certain clusters; for example, see reactions 
3-6. (iv) Relative nozzle pressure and gas composition depend- 
encies, and ‘fingerprint band”lS sequences, cannot verify an 
assignment absolutely but only indicate the size of the cluster 
relative to other cluster sizes. Thus, independent experiments 
may be needed for confirmation, especially of the dimer. However, 
the most common practice is to assign the most conspicuous peak 
(usually with the smallest shift) to the 1:l complex. Herein lies 
the problem. If this key assignment is wrong, then all the 
assignments that depend on it wil1 also be wrong. 

In light of this dilemma, it would be advantageous to verify 
some of the REMPI results with additional experiments which 
may provide a broader perspective or, in the case of kinetic energy 
release measurements, may provide some dynamical information. 
A promising technique for the tasks outlined above is the use of 
single-photon ionization, using a tunable VUV source. Although 
there are several methods of producing tunable VUV radiation, 
synchrotron radiation from an electron storage ring has both the 
widest tunability and the highest average intensity. (Line U-1 1 
at the Brookhaven 700-MeV storage ring routinely produces up 
to 3 orders of magnitude greater intensity than stations at other 
storage rings.9) This additional intensity has allowed the 
observation of low-intensity phenomena such as autoionization 
structure in the threshold region for small van der Waals 
clu~ters~J.2~ and has allowed the practical and general analysis 
of neutral cluster distributions in free jet expansions.2536 

These authors wish to emphasize the complementary nature 
of the information derived from REMPI, FT-ICR, and single 
photon ionization techniques. The availability of the three 
methods allows investigation of a wide variety of systems and 
photon energies, providing a broad perspective which can 
significantly enrich our understanding about certain reactions of 
interest. 

The chlorobenzene/ammonia dimer provides a useful arena to 
show the utility of these distinct techniques to create a self- 
consistent picture of the chemistry occurring in this system. It 
was observed by ICR methods that C6HQ would undergo an 
ion-molecule reaction with NH3 to p r o d ~ c e ~ ’ - ~ ~  CsHsNH3+. One 
question that might be posed is whether this reaction would also 
occur in the 1:l heterodimer. The necessary demonstration was 
provided by the application of the near-threshold method, using 
single-photon ionization with tuned synchrotron radiation,25 in 
which it was seen that C&NH3+ ions arise from the smallest 
possible mixed clusters, that is, from the heterodimers C,&- 
Cl.NH3. 

Experimental Section 
The general apparatus and procedures are described in ref 30, 

and matters specific to this experiment may be found in ref 25. 
Briefly, the experiments were carried out with a photoionization 
mass spectrometer that made use of a tunablevacuum-ultraviolet 
beam provided by the National Synchrotron Light Source at 
Brookhaven National Laboratory. A sonic nozzle,31 the orifice 
of which was 0.0102 cm in diameter, was used to emphasize small 
clusters. To eliminate second-order radiation, a lithium fluoride 

filter 0.20 cm thick was used whenever scans were entirely at 
wavelengths longer than 1100 A. For scans involving shorter 
wavelengths, corrections for second- and higher-order radiation 
were carried out as described in ref 32. Commercial research- 
grade ammonia and chlorobenzene were used without further 
purification. 

When a given product ion could arise from more than one 
target cluster (i.e., CsHsNH3+ could be formed from either C6H5- 
CbNH3 or C6H&l(NH3)2 or both), the pressure dependence 
curves of the neutral clusters (given in ref 25) were used to resolve 
that ion’s parentage. 

Kinetic energy release measurements were made as described 
in ref 33. The apparatus used is an adaptation of the retarding 
potential method, for use with fast, velocity-focused molecular 
beams.34 Unfortunately, this apparatus does not allow resolution 
of the kinetic energy release distributions according to the 
excitation energy of the dissociating ion, so that an observed 
kinetic energy release distribution is the sum Over all the excited 
states that contribute the observed ionic product. 

Results and Discussion 

The ions studied in this work are C ~ H S N H ~ + ,  C6HsNH2+, 
(C~HSCI-NH~)+, C ~ H S C ~ ( N H ~ ) ~ + ,  and C6H5C1(NH3)3+. The 
relative laboratory intensities of most of these ions as a function 
of nozzle pressure are shown in Figure 2 of ref 25. 

Cblorobenzerte/Ammonia Heterdmer, Trimer, and Tetramer 
Ions. Although produced only weakly, the ion (C&CbNH3)+ 
displays a convincing onset at 8.744 f 0.022, as shown in Figure 
la. However, it is not clear whether this onset is due to C6HS- 
CI-NH, or C&CI(NH3)2. Resolution according to target 
complex (Figure 1 b) suggests that the observed onset represents 
production from C~.HSCI(NH~)~. However, the signal was too 
weak to permit resolution below 9.2 eV, so the participation of 
CBHSCLNH~ cannot be excluded. Note that the above onset is 
far below an onset around 9.4 eV that does stem from C6HsCl- 
(NH3)2. The pressure dependence of the production of (C6Hs- 
CI-NH3)+ at 21.2 eV (584 A)z5 reveals that at low pressures it 
originates from C6HsCl.NH3. Fortunately, the REMPI experi- 
ments supply an important clue to help show that the 8.744-eV 
onset refers to the heterodimer. In that work ( C ~ H S C ~ N H ~ ) +  
was observed at 9.21 eV and assumed to arise from the 1:l 
complex.12 According to its “fingerprint band-15 it is formed, at 
least in part, from the same precursor that gives rise to the 
anilinium ion, while results reported below and in ref 25 establish 
that the latter stems essentially entirely from the heterodimer at 
this energy. In addition, therefore, any production from trimers 
seen at 9.21 eV would have a higher onset than 8.744 eV. 

For the CsHsCl(NH3)2 precursor, three secondary onsets are 
apparent a tW, l l . l , and  14.6eV. Productionof (C6HsCbNH3)+ 
from C6H5CI.NH3 increases strongly around 1 1 eV, and the cross 
section then overtakes that from CaHsCl(NH3)2 near 12.4 eV 
and exceeds it by a substantial factor by 16 eV. It is difficult to 
understand this behavior, since one would expect adverse Franck- 
Condon factors to hold the yield down. Perhaps a metastable 
state(s) of (C6&ChNH3)+ is involved. 

Onset spectra for C6HsCl(NH3)2+ and C6HsCl(NH3)3+ are 
presented in Figures 2 and 3. These data are unresolved for 
parent, but their shapes are independent of nozzle pressure in the 
ranges shown, suggesting that in each case contributions from 
larger clusters can be neglected, and the data at different pressures 
were therefore combined to improve the counting statistics. The 
resulting onsets are 8.652 f 0.013 eV for C6HsCl(NH3)2+ and 
8.555 f 0,012 eV for C&CI(NH3)3+. 

The sequence of decreasing ionization energies, from that for 
C6HsCl (measured to be 9.072 f 0.005 eV in our apparatus) to 
the above values for C6HsCbNH3, C6H5Cl(NH3)2, and C6HS- 
Cl(NH&, is typical of such cluster studies.lJ5 For homoclusters 
it is usually understood in terms of the simple independent systems 
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Figure 1. (a) Onset spectrum of (CsH&I-NHs)+ a t  a nozzle pressure 
of700Torr. SignalrateswereonlyO.lS~-~at9.12eV,overa background 
rate of 0.10 s-1 (subtracted). Acquisition of these data required 2 days 
of beam time. Resolution into production from dimers and trimers was 
not attempted. Here and in Figures 2,3,4b, and 7 the intercept showing 
the onset is represented by a black rectangle which spans the 68% 
confidence interval, as evaluatedvia calculations of chi-square. (b) Broad 
scan of the spectra of (C~H&I.NHI)+, resolved into production from 
dimer (closed points) and trimers (open points). Corrected for second- 
order radiation. Although the scale is arbitrary, the cross sections are 
correct relative to one another. (Note: for all dimer-trimer resolutions, 
Figures 1, 4, 8, 9, and 10, there are possible small contributions to the 
trimer points from larger clusters.) 

model,36 which predicts an r1 dependence, where n is the number 
of molecules in the cluster. Surprisingly, this 1 / n  plot is nearly 
parallel to the corresponding plot for NHs(NH3)" for n > 0 (using 
data from ref 37). Although the resemblance is probably 
fortuitous, it hints that there may be common structural features. 

It is interesting that the IP of C6HsCl.NHp is nearly 0.2 eV 
below the appearance potential of CsHsNH3+ (see next section). 
It means that (C&sCbNH3)+ does not spontaneously self-react 
in its ground state to produce C ~ H S N H ~ +  but that there is an 
appreciable barrier. 

Also, at the IP for C6HsCbNH3 of 8.744 eV, the dissociation 
energy of (c,jHsCbNH3)+ to form C&C1+ plus NH3 is larger 
than 7.6 kcal mol-' [Le., IP(C&Cl) - IP(C~H~CI.NHJ)] by the 
dissociation energy of neutral C&,Cl.NH3, which one expects 
to be in the neighborhood of 3 4  kcal mol-'. D[(C~HSCI.NH~)+] 
would then be roughly 11 kcal mol-'. 

Anilinium Ion. The present work (in ref 25) establishes 
unequivocally that C&NH3+ is produced by photoionization of 

Spectra, Onsets, and Dissociation Energies. The spectra for 
C6HsCbNH3. 

h 
5 

8 
4 
C 

CI 

0 

8.5 8.6 8.7 8.8 
Photon Energy (eV) 

Figure 2. Onset spectrum of C6H&l(NHs)z+. Combined data for nozzle 
pressures of 500 and 700 Torr. 
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Figure 3. Onset spectrum of C,jH&l(NH3)3+. Combined data for nozzle 
pressures of 500 and 900 Torr. 

the production of CaHsNH3+ from 8.35 to 16.44 eV are displayed 
in Figure 4a. The inset shows the region below 11 eV in more 
detail, where the LiF filter was used to remove second-order 
radiation. Both spectra reveal that above about 10.6 eV the cross 
section for production from trimers exceeds that for production 
from dimers but that the contribution from trimers essentially 
vanishes at energies below 9.5 eV, where the cross section from 
dimers is still substantial. A separate scan confined closely to the 
onset region, from 8.68 to 9.07 eV (Figure 4b), reveals a reasonably 
sharp straight-line onset at 8.935 f 0.004 eV (at the 68% 
confidence level, via a chi-square analysis). This differs somewhat 
from the value 8.962 f 0.010 eV reported from Brutschy's 
laborat~ry,~lJ~JS indicated by arrow A. The latter's data are 
coplotted for comparison. Maeyama et al.1' report a value 
somewhat smaller than ours, 8.88 f 0.02 eV, indicated by arrow 
B. 

The thermochemical threshold" for the process 

C,HSCl-NH3 + hu - C6H5NH3+ + C1+ e- (8) 

would be 8.8 1 1 f 0.022 eV, if the neutral complex C6HsCl.NH3 
were not bound. (Here we use 210.3 f 0.4 kcal mol-', or 9.1 19 
f 0.019 eV, for the proton affinity of aniline.&) The difference 
of 0.124 f 0.023 eV (2.86 f 0.52 kcal mol-') between the 
"unbound" threshold and our observed onset therefore measures 
the sum of the dissociation energy of C&Cl.NH3, the kinetic 
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Figure 4. (a) Broad scan of the yield spectra of C&NH3+, resolved into 
production from dimer (closed points) and trimers (open points). 
Corrected for second-order radiation. The inset shows the same spectra 
measured using a LiF filter to remove higher-order radiation. (b) Onset 
spectrum of C&NH3+ from C&i&l.NH3 (open points); the closed 
rectangle indicatca the 68% confidence region of an assumed straight- 
lineintercept. Thejaggedlineisthedata fromBrutschy'sIaborat~ry,'~,~~,~~ 
normalized to our data for comparison. The arrows A and B show the 
onsets reported by B r u t s ~ h y ' s ~ ~ * ~ ~ J ~  and Mikami's17 laboratories, re- 
spectively. 

shift,43.4 and any reaction barrier with respect to the threshold. 
This may be compared with the expectation, based on other 
polyatomic heterodimers of comparable complexity, that the 
dissociation energy would b e 1 . z 4 , 3 0 9 3 z  about 3-4 kcal mol-'. One 
may argue on these grounds that any barrier and kinetic shift are 
negligible. Also, the linearity and sharp intercept of the production 
of C6H5NH3+ from C6H&l*NH3 are inconsistent with a 
significant kinetic shift as shown by calculations, and a measure- 
ment of kinetic energy release shows that there is no barrier (see 
next subsection). We therefore believe that the measured onset 
of8.935 eVisadiabaticandgivesadissociationenergyofD(C6H5- 
Cl.NH3) = 2.9 * 0.5 kcal mol-' (12.0 * 2.2 kJ mol-'). For 
comparison, the onsets from Mikami's and Brutschy's laboratories 
give values for D(C6HsCbNHp) of 1.6 * 0.7 and 3.5 f 0.6 kcal 
mol-', respectively. Note, however, that the cited uncertainties 
are correlated because of the common uncertainty of 4~0.5 kcal 
mol-' in the heat of formation of C&NH3+. The agreement of 
these three values is therefore poor. A prolonged effort was made 
to measure this dissociation energy by the method of ref 30. 
Production of CsHsCl+ from C6H5cl.NHp was observable but so 
weak that an accurate measurement was not possible. Only an 
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Figure 5. Possible potetrtial diagrams considered in the text: short- 
dashed line, case with one basin; solid line, case with two basins, showing 
the maximum depth consistent with the data; long-dashed line, attempt 
to devise a potential consistent with the increased proton affinity rcccntly 
proposed for aniline.'* The deepest well results from an ob initio 
calculation.4b 

upper limit could be determined, D(C6HsCbNH3) < 3 kcal mol-', 
consistent with the 2.9 kcal mol-' reported above. For comparison 
with theory, an ab initio calculated value of 2.3 kcal mol-' has 
recently been published.4q 

The dissociation energy of the dimer ion may be calculated 
from the above result as D[(C6H&!bNH3)+] = IP(C6H5Cl) - 
IP(C~HSCI.NH~) + D(C6HsCloNH3) = 10.4 f 0.7 kcal mol-' 
(43.5 f 2.9 kJ mol-'). This is an unusually large value for a 
heterodimer ion30 and suggests some degree of chemical bond 
formation. 

The Kinetic Energy Release Distribution and the Potential 
Hypersurface. We discuss the production of anilinium ion in 
terms of the potential diagram shown in Figure 5 and use 
measurements of the kinetic energy release distribution to try to 
sharpen the picture. This diagram is adapted from the triple- 
well picture postulated by ThMmann and GriitzmacherZ8 to 
interpret the resultsof their ICR study of the ion-molecule reaction 
betweenC6HSCPandNH3. Theysuggested28What thereactants 
first form a weakly-bound "collision complex", a *-complex, bound 
mainly by electrostatic forces. This initial complex then rear- 
ranges to form an "addition complex", a u-complex, where the 
ammonia nitrogen bonds to the carbon attached to the chlorine 
to form an ipso-substituted chlorocyclohexadienyl radical ion. 
The addition complex may then disintegrate by expulsion of a 
chlorine atom to produce the anilinium ion, for which process 
there is essentially no barrier. Other features of this potential 
surface are a barrier between the collision complex and the addition 
complex and no barrier between the collision complex and the 
original reagents. 

To reconcile the Thblmannertitzmacher diagram with our 
observations three different adaptations are considered. 

(1) The short-dashed curve is drawn using Hr(CsHsNHs+) = 
176.2 kcal mol-', and it is assumed that there is no barrier between 
the *-complex and the u-complex, Le., that the 10.4 kcal mol-' 
for D[(C&CbNH3)+] applies to the a-complex. This would be 
consistent with our observation that the dissociation energy of 
(C6H&bNH3)+ is unusually high and therefore probably reflects 
some chemical bonding. However, ThBlmann and Grtitzmacher 
find an ion-molecule reaction efficiencyz8 of only 13%, and this 
indicates the presence of a barrier between the r- and u-complexes. 

(2) For the solid curve we again use Hr(C&N&+) = 176.2 
kcal mol-' but retain a barrier between the *- and a-complexes. 
The dissociation energy of 10.4 kcal mol-' now pertains to the 
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Figure 6. Kinetic energy release distribution of C&NH3+ from C6Hs- 
CbNH3, measured at a photon energy of 9.50 eV (points). The three 
curves are calculated spectra for unimolecular decay, assuming excitation 
energies of (C~HSC~.NH~)+ that are 0.28, 0.56, and 0.88 eV above the 
minimum energy needed to produce C&NH3+. 

r-complex, while the depth of the potential for the u-complex is 
undetermined. A MNDO calculation28 gives 13.4 kcal mol-' for 
this depth, while one ab initio calculation4a gives 14.2 kcal mol-' 
and a n ~ t h e r ~ ~ b  gives 37.8 kcal mol-'. 

If the u-complex dissociates into products via unimolecular 
decay, as is most consistent with the triple-well picture, then a 
potential basin as deep as 37.8 kcal mol-I would cause an 
appreciable kinetic shift. That this reaction is indeed unimolecular 
is confirmed via the kinetic energy release distribution at only 
0.56 eV above threshold (Figure 6), where the points are 
experimental and the lines are the~re t ica l .~~  The data agree well 
with an expected average available energySlvs2 of 0.3 eV. 
Furthermore, in experimental confirmation of the Thblmann- 
Griitzmacher potential, there is no indication of a barrier in the 
final state, i.e., no evidence for a displacement of the maximum 
to higher than the theoretical energy. 

Estimates of kinetic shiftS3 are compared with the experimental 
onset in Figure 7 assuming a hypothetical excitation function 
that rises linearly from its appearance potential (short-dashed 
line). The smooth curves are calculated excitation functions for 
producing C,&NH3+ from C&@l.NH3, assuming unimolecular 
decay of excited (ipso-C6HsC1NH3)+ with well depths of 37.8 
kcal mol-' (solid line) and 25.0 kcal mol-' (long-dashed line). 
The calculations and the hypothetical straight-line function are 
normalized together at incident photon energies of 8.965 and 
9.065 eV to show the resulting displacement of the thresholds 
(i.e., kinetic shifts), indicated by arrows. For comparison, the 
data of Figure 4b are included, normalized to the same two points. 

Thecurve for a welldepthof 37.8 kcalmol-1 isstronglyconcave, 
a very different shape than displayed by the data, and has an 
appearance potential of 8.705 eV. This is an unphysical result 
because it gives a negative dissociation energy of -2.4 kcal mol-I 
for C&CbNH3. Additional calculations show that the curve 
shapes areinadmissible for welldepths greater than 25 kcal mol-'. 
The linearity and sharp intercept of the onset of C ~ H S N H ~ +  from 
C6HsCl.NH3 are therefore important clues for understanding 
the reaction hypersurface, for they mean that the kinetic shift is 
too small for us to detect. Analogous calculations with the simple 
algorithm of ref 43 lead to a similar conclusion, except to predict 
that the well depth must be well under 25 kcal mol-'. 

(3) For the long-dashed curve in Figure 5, a lower value of the 
heat of formation of anilinium ion, HdC&NH3+) = 17 1.7 kcal 
mol-', was used, for which the adiabatic appearance potential is 
8.616 eV. To maintain an onset of 8.935 eV with a threshold of 
8.616 eV, but no exit barrier, the barrier between the r- and 
u-complexes must have a higher energy than the products. This 
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Figure 7. Comparison with the data of Figure 4b of calculated excitation 
functions for producing C~HSNH~+ from C&CbNH3, assuming uni- 
molecular decay of excited (ipso-C6H~ClNH3)+ with well depths of 37.8 
and 25.0 kcal mol-', and where the underlying yield function is assumed 
to be linearly rising. The "shifted" onsets are shown by arrows (see text). 

means the kinetic shift is much less important and the well depth 
for the u-complex can be significantly deeper than 25 kcal mol-'. 
The measured onset would then only show the height of the 
intracluster barrier, precluding a measurement of thedissociation 
energy. However, the kinetic energy release distribution appears 
to be too soft for this possibility (Figure 6). For this potential 
curve the maximum and average available energies are 0.88 and 
about 0.6 eV, re~pectively,~~ while the data fall systematically to 
the low-energy side of the line for 0.56 eV. 

In summary, of the three possibilities discussed above, only the 
second is consistent with all of the data. We conclude that the 
potential surface contains two basins separated by a barrier of 
less than 4.4 kcal mol-' relative to the bottom of the first basin. 
The first basin has a depth of 10.4 kcal mol-' relative to free 
C6H5C1+ and NH3, and the second is probably deeper than the 
13.4 kcal mol-' predicted by the MNDO calculation but shallower 
than about 25 kcal mol-I. These conclusions agree remarkably 
well with the recent ab initio calculations of Wassermann and 
B r ~ t s c h y . ~ ~ ~  

The Possible Involvement of Rydberg States. Another route 
to the production of C6H5NH3+ could be through Rydberg states. 
This form of photoexcitation greatly outweighs direct ionization 
in the 9-eV regionS6andordinarily leads to dissociation into neutral 
products, especially for van der Waals clusters. However, 
ionization always occurs to some extent whenever it is possible, 
though usually with low yield and broadened lines due to 
competition with the fast breakup into neutrals. Nevertheless, 
it is routinely observed in cl~sters,',~J~.5~-61 especially when direct 
ionization is suppressed, e.g., by adverse Franck-Condon fac- 
tors.1,3J4.57,S8 Dissociation of polyatomic Rydberg states to form 
product Rydberg states has been observed.6** Here, such a 
process might be dissociation of the ion core of a cluster Rydberg 
state (C&CI.NHJ)* to produce C1+ C&NHs+, followed by 
autoionization of the C&NH3* to form CsH5NH3+. Unfor- 
tunately, little is yet known about the involvement of Rydberg 
states in dissociative ionization. 

That the threshold excitation function for C.&NH3+ is nearly 
linear is interesting. It resembles the linear excitation functions 
usually found just above threshold for producing heterodimer 
parent ions,1-3.24,30+32 which behavior seems to be connected with 
the involvement of autoionizing states. The linearity in the 
production of C6H5NHJ+ may thus be related to linearity in the 
production of the (C6HsC1.NH3)+ intermediate. However, the 
increasing number of product states and the presence of structure 
in the Rydberg spectrum could modify this picture as the energy 
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Figure 8. Kinetic energy release distribution of CsHsNH3+ from the 
target beam at a nozzle pressure of 500 Torr and a photon energy of 17.7 
eV (solid line). The contribution from C6HsCl(NH3)2 was resolved from 
this spectrum and is shown as points. The dashed lines are the predictions 
of unimolccular decay calculations, assuming excitation enerdea of C&- 
Cl(NH3)2+of 2.2 (long-dashedline) and 4.4eV (short-dashed line) above 
the minimum energy nceded to produce CsHsNHs+. In the inset, the 
contribution from C6H$Cl(NH3)2, points, is compared with the data for 
the production of CsHsNHs+ from C6HsCbNH3 at 9.50 eV, solid line. 
(The same data are shown as points in Figure 6.) Note that the abscissa 
scale is ion energy, not total energy. 

increases, as is often observed for heterodimer parent ions.1-3.24 
The REMPI experiment also gave a linear function1*J3Js up to 
9.01 eV. At higher energies, however, these data display a slight 
shoulder (Figure 4b), which may be evidence that near-threshold 
autoionizing resonances are also excited by the two-photon process. 

Production at Higher Photon Energies and from Trimers. 
The cross section for the production of C6HsNH3+ from C&- 
Cl-NH, rises slowly from 9.5 to 14.6 eV (cf. Figure 4a) and then 
displays a clear onset, beyond which the cross section doubles by 
16 eV. Photoelectron spectra of C6HsCl show a conspicuous 
band whose practical onset is 14.0 eV (14.4 eV close 
to 14.6 eV. Also, the second band in the photoelectron spectrum 
of ammonia onsets near 14.8 eV,M,G7 forming a ZE' state of 
configuration (le')3( la2)1)2. However, the latter seems to be 
associated with N-H bonding, which is difficult to reconcile with 
the expulsion of C1 and retention of H in the final C ~ H J N H ~ +  
product. Unfortunately, the 14.4-eV band in C6HsC1 has not yet 
been assigned, so we have not attempted an interpretation with 
respect to its structure. There is a third possibility to consider. 
At higher energies the cross section from C~HSCI-NH~ is much 
smaller than it is from C6HsCl(NH3)2, showing that C ~ H J N H ~ +  
is only a minor product of the dimer. Thus, the photon energy 
dependence of the cross section may reflect strong features in 
another reaction channel, including breakup into neutrals. 

C ~ H J N H ~ +  is not detected from the ionization of C&Cl- 
(NH3)2 until about 9.5 eV. The inset of Figure 4a details the 
cross sections in this region. The onset from C6HsCl(NHp)2 is 
about 0.6 eV higher than that from C6HsCbNH3, at least twice 
too high to ascribe to the energy necessary to remove the extra 
NH3 solvent molecule, which we estimate to be 0.13-0.3 eV (3-7 
kcal mol-'). However, there is little evidence that mechanisms 
involving Rydberg states dominate the threshold ionization region 
in trimers,68 so it is reasonable to expect that the kinetic shift43944 
accounts for the difference. Kinetic energy release measurements 
indicate that after ionization of a van der Waals complex of 
polyatomic molecules the subsequent depolymerization ap- 
proaches statistical behavior,33 so that the present problem can 
plausibly be treated as unimolecular decay. Estimates of kinetic 
shift on this basis43 give values of 0.2-1.3 eV, depending on what 
mechanism is assumed, Le., whether loss of NH3 occurs before 
or after the intracluster reaction. 

The kinetic energy release distribution of C ~ H J N H ~ +  from the 
photoionization of the raw beam at 17.1 eV (700 A) and a nozzle 

9 14 19 24 
Photon Energy (eV) 

Figure 9. Broad scan of the yield spectra of CsHrNHz+, resolved into 
production from dimer (closed points) and trimers (open points). 
Corrected for sccond-order radiation. The inset details the same spectra 
in the onset region, measured using a LiF filter to remove higher-order 
radiation. 

pressure of 500 Torr is shown in Figure 8 as a solid line. Note 
that the abscissa gives ion energy, rather than the total energy 
given in Figure 6. The production of C6HsNH,+ from C&- 
Cl(NH3)2 was resolved from these data and is plotted as points, 
showing that most or all of the highest energies come from the 
trimers. Unfortunately, the data could not support the resolution 
of the production of C6HsNH3+ from C~HJCI-NH~, although 
this spectrum can be roughly ascertained from the difference 
between the solid line and the points. 

The energy release spectrum of CaHsNH3+ from C~HSCI- 
(NH3)2 stems from a large range of excitation energies available 
in the nascent complex ion, from 0 to 8.8 eV, the average of which 
probably lies in the neighborhood of 4-5 eV. The data are 
compared with the shapes of the distributions calculated from a 
statistical model assuming that total energies of 2.2 and 4.4 eV 
are available (shown as dashed lines). A statistical interpretation 
appears to be roughly consistent with these data except for a 
possible dearth of intensity at the lowest energies. 

In the inset of Figure 8 the production of C ~ H S N H ~ +  from 
C6HsCl(NH3)2 at 17.7 eV (points) is compared with the 
production of C ~ H S N H ~ +  from C6HsClsNH3 at 9.5 eV (line; the 
same data are displayed as points in Figure 6). The two data sets 
are arbitrarily normalized to the same peak height. Comparison 
of the production from C6HsClsNH3 at 9.5 eV with the difference 
between the points and the data for dimer + trimer in the main 
figure indicates that the spectrum for production from C&- 
Cl.NH3 changes rather little in proceeding from 9.5 to 17.7 eV 
of photon energy. This suggests that (C6HsCbNH,)+ ions of 
high excitation energy produce little or no C6HsNH3+. 

Aniline Ion. The appearance of C&.NH2+ among the 
photoionization-induced products of C&CbNH3 was a surprise, 
since it is not produced in the REMPI work11J4J6 (see, however, 
ref 13). The cluster-resolved spectra (Figure 9) reveal that 
although the yield from C ~ H S C ~ N H ~  is much smaller than from 
C&CI(NH3)2 over most of the photon energy range studied, 
production from C6HsCl-NH3 becomes comparable in the onset 
region (cf. inset of Figure 9). Since the ions C,jHsNH2+ and 
C ~ H S N H ~ +  differ by only one unit of mass/charge ratio, m/e, 
it was felt important to verify our observation in a separate 
experiment, the results of which are shown in Figure loa. Here, 
mass spectra were collected at three energies across the onset of 
C6HsNH3+ and normalized to the intensity of the m / e  = 93 
peak, The relative intensity of m / e  = 94 grows systematically 
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Figure 10. (a) Comparison of mass spectra in the onset region. The 
pcaks for m / e  = 93, C&NHz+, are normalized to the same height to 
compare the relative behavior of the peaks for m / e  = 94, CsHsNHa+, 
at photon energies below and above the threshold for CsHsNHe'. (b) 
Comparison of the onset spectra for C&NHz+ and C&NHs+. The 
relative intensities are correct, but the curve for CsHsNHz+ is unresolved 
for parent cluster. In the inset, the production of C~HSNHZ+ from dimers 
(closed points) and trimers (open points) is compared. 

as the energy is increased. (The small peak at 8.92 eV, which 
is below the onset of C&NH3+ at 8.935 eV, is due to 13C12C5H5- 
NH2+.) The excitation functions for C&NHz+ and C&NH3+ 
in the onset regions of both are compared in Figure lob. 

The difference between the single-photon result and that 
reported for the REMPI method is stark. It is difficult to 
understand without more experiments. The two techniques will 
in general excite different manifolds of Rydberg states, and 
perhaps this underlies the apparent contradiction. Alternatively, 
a difference between the two methods in the production of an ion 
isomeric to C&NH2+, such as the azepinium ion C6NH7+, i.e., 
a seven-membered ring with the nitrogen incorporated, might be 
re~ponsible.6~ 

The onset of C&NH2+ (Figure lob) is surprisingly linear 
with a sharp intercept at 8.856 f 0.003 eV. Such behavior is 
often evidence that the onset is an adiabatic appearance potential, 

" 0- 40 80 120 
Ion Energy in c.m. (meV) 

Figure 11. The points give the kinetic energy release distribution for 
CsHsNHz+ at an incident photon energy of 17.7 eV, from a target beam 
produced at a nozzle pressure of 500 Torr. The smooth curve is the result 
of a unimolecular decay calculation, assuming an excitation energy of 
C6HsCl(NH3)z+of 3.50eV above theminimumenergy needed to produce 
C&NH2+. Note that the abscissa scale is ion energy, not total energy. 

but that cannot be the case here, at least for the ground state; 
the adiabatic threshold from free C6HsCl+ NH3 can be calculated 
to be 7.543 eV (298 K) from known thermochemical quan t i t i e~ .~~  
This barrier of about 1.3 eV is in line with the barriers observed 
for most photoionization-induced dissociative rearrangements;14 
cf. reactions 1 and 2. 

The surprise is increased upon resolution into production from 
dimers and trimers, shown in the inset of Figure lob. The cross 
section for production from dimers is somewhat larger than from 
trimers, but the onsets are identical within experimental uncer- 
tainty. They are 8.849 f 0.009 eV from C6HsCbNH3 and 8.855 

Possible reasons that the onsets are so sharp, and similar to 
each other, could be the production of a metastable state of C6H5- 
NH2+ at 1.3 eV or the need to excite some special state in the 
neutral complex, or in one of the moieties, to cause the reaction. 

In an effort to learn something about the reaction mechanism, 
the kinetic energy release distribution of C~&NHZ+ was measured 
at a photon energy of 17.7 eV (700 A) and a nozzle pressure of 
500 Torr, with the results shown in Figure 11. Under these 
conditions the number densities of C6H&l*NH3 and C6H5Cl- 
(NH3)2 are comparable, and there is a significant presence of 
C,#5Cl(NH3)3, but the signal was too weak to permit resolution. 
However, the cross section for production from trimer is much 
greater than from dimer (Figure 9), so this spectrum stems 
essentially from trimers (and tetramers). The excess energy 
available for product translation ranges from 0 to about 10 eV. 
A unimolecular decay c a l c ~ l a t i o n ~ ~ ~ ~ ~  for an excess energy of 3.5 
eV, plotted as a smooth line, represents the data reasonably well, 
indicating that there is no need to invoke nonstatistical processes. 
It seems reasonable, therefore, to assume that the production of 
C6H5NHz+ at lower photon energies is also dominantly statistical, 
since usually nonstatistical processes are enhanced with increasing 
energy. 

That it is formed slightly above the threshold for the production 
of (C6H&l-NH3)+ suggests that it is not produced by dissociative 
ionization of the excited neutral complexes, e.g. 

f 0.029 eV from C6H&l(NH3)2. 

(C6H5C1.NH3)* -k, C,H,NH,+ + HCl + e- (9) 

but instead represents a disintegration channel of the excited 
heterocomplex ions, 

(C6HSCl*NH3)*+ 4 C,H,NH; + HCl 

C,H,Cl(NH3),*+ - C,H,NH; + NH,Cl 

(10) 

(1 1) 
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Figure 12 Energy diagram consistent with the measurements made in 
this work. Not drawn to scale. All energies are given in elcctronvolts. 

TABLE 1: Onsets 0bseri.d in This Work 
product target onset energy (eV) lit. 

NH,+ (NH3)2 9.524 a 0.002 9.59 f 0.02" 
9.54 f 0.02b 

(NHdzH+ (NH313 9.073 l 0.018 9.15 f 0.04" 
9.14 f O.OZb 

C&NH2+ dimer + trime+ 8.856 l 0.003 
C6HsCbNH3 8.849 l 0.009 
csH~Cl(NH3)2' 8.855 l 0.029 

CsHsNHa' C6HsCbNH3 8.935 f 0.004 8.88 t 0.02' 
8.962 f 0.011 

C&Cl C6HsCl 9.072 a 0.005 9.06 l 0.02e 
(C&ChNH3)+ C6HsCbNH3 8.744 f 0.022 
C&Cl(NH3)2+ C~H~CI(NH~)Z 8.652 * 0.013 
C&Cl(NH3)3+ C&Cl(NH3)3 8.555 l 0.012 

mixture. e Reference 17 /References 11,  13, and 15. 

TABLE 2 Heats of Formation Used in the Discussion' (kcal 
mol-') 

a Reference 7 1.  Reference 72. Reference 39. From unresolved 

Hr00(g) 
compound Hror)dg) neutral ion 

C&Cl 13.0 f 0.2 2226 
NH3 - l l .OaO.l  -9.3 l 0.1 224.9 
CsHsNHz 20.8 Y 0.2 198 
C&NH,+ 176.2 f O S b  

c1 29.0 28.6 328 
C&Cl*NH3 -0 .8 f 0.5' 200.8 f 0 3  

HCI -22.1 f 0.04 -22.0 a 0.04 271.4 

From ref 39 unless otherwise specified. b At 298 K, ref 40. This 
work. 

The agreement of the kinetic energy release distribution with a 
reasonable unimolecular decay spectrum is consistent with the 
latter picture. 
Energy Diagram. Aschematicenergy diagramconsistent with 

the measurements made in this work is presented in Figure 12. 
The onsets measured in this work, and pertinent thermochemical 
information from the literature, are collected in Tables 1 and 2. 

Of special interest is thedissociation energy of (C&CbNH3)+. 
This value, 10.4 kcal mol-' (0.45 eV), is unusually large for a 
heterodimer ion, typical values for whichl+O are in the range 
3-5 kcal mol-1. In comparison, the collision (T )  and addition (a) 

complexes suggested by ThBlmann and Griitzmacher were 
estimated by them via MNDO calculations to be bound by 6 and 
13 kcal mol-', respectively.28 

The dashed line labeled (C&NH2+-HCl)* is meant to call 
attention to the possible existence of an excited species responsible 
for the observed sharp onsets of CaHsNH2+. 

SUmlIlary 

The photoionization and photoionization-induced reactions of 
complexes of chlorobenzene and ammonia have been studied by 
single-photon techniques, including the measurement of kinetic 
energy release distributions. A sharp onset of CsHsNH3+ from 
C~H~CI-NHS was found at 8.935 f 0.004 eV, which, when 
combined with the known heat of formation of C&NH3+, gives 
a dissociation energy D(C&CbNH3) = 2.9 f 0.5 kcal mol-'. 
Production of CaHsNH,+ from trimers was too weak in the onset 
region to permit measurement, but at larger energies proceeds 
with substantially larger cross sections than from dimers. The 
ion C&NHz+ was also observed, with onsets of 8.849 * 0.009 
and 8.855 * 0.029 eV from C ~ H S C ~ N H ,  and C&Cl(NH3)2, 
respectively, clearly below the onset for C&NH3+ but far above 
the thermochemical thresholds near 7.6 eV. Except in the 
immediate region of the onset, its cross section for production 
from trimer is much larger than from dimers. For the "parent 

(NH3)3+ onsets were found at 8.744 f 0.022,8.652 f 0.013, and 
8.555 f 0.012 eV. The above value of the dimer ion onset means 
that D([C6H&hNH3]+) = 10.4 kcal mol-', higher than is usual 
for heterodimer ions. Since the onsets of both (C&CbNH3)+ 
and C&NH2+ are below that of C&NHp+, the ground state 
of (C~HSCI.NH~)+ does not spontaneously self-react to form C~HS-  
NH3+ + C1. No evidence for nonstatistical production processes 
was found for either C&NH3+ or C&NH2+. In general, our 
data support the triple-well potential postulated by Th6lmann 
and Griitzmacher, plus the theoretical calculations carried out 
thereon by Wassermann and Brutschy, and provide evidence for 
determination of the binding energies of the T- and a-complexes 
comprising this potential's main features. 

cluster ions" (C,j&Cl*NH3)+, CsHsCl(NH3)2+, and C&Cl- 
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