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A B S T R A C T   

We have previously reported on the spectroscopy and binding energy of the anisole…methane complex, which 
exhibits a dual mode of binding that involves both C–H/O and C–H/π interactions. In this work, we seek to 
examine cooperativity in binding through a study of the isolated anisole-(methane)2 complex, using a combi
nation of experiments that include mass-selected two-color resonant two-photon ionization spectroscopy 
(2CR2PI), two-color appearance potential (2CAP) measurements, and velocity mapped ion imaging (VMI) 
augmented with a complementary theoretical characterization. Using 2CAP and VMI, we derive the dissociation 
energies of the complex in ground (S0), excited (S1), and cation radical (D0) states. The experimental values from 
the two methods are in excellent agreement and are compared with selected theoretical values calculated using 
DFT and ab initio methods. The data show that the dissociation energy increases by some 10 % for the second 
methane relative to the first, with this trend being consistent across all three electronic states, indicating a 
cooperative binding effect where the initial solvation turns on binding of a second methane onto the opposite 
face. This lies in contrast to the aniline-(methane)2 complex, where recent studies have shown a negativity 
cooperativity, and these trends are examined.   

Data show that the dissociation energy increases by some 10 % for 
the second methane relative to the first, indicating a cooperative binding 
effect where the initial solvation turns on binding of a second methane 
onto the opposite face.  

• This lies in contrast to the aniline-(methane)2 complex, where recent 
studies have shown a negativity cooperativity 

1. Introduction 

The detailed mechanisms of solvation continue to be actively 
explored through the study of isolated molecular clusters, [1–6] yielding 
insights into the strength and mechanisms of hydrogen bonding, [7] 
halogen bonding and other sigma-hole type interactions, [8–10] π-π 
interactions, [3] C–H-π interactions, [11–19] and C–H-O interactions, 
[20–22] among others. Given their status as efficient chromophores 
amenable to detection via fluorescence and resonant ionization 
methods, model systems often consist of complexes of an aromatic 

moiety bound to different small polyatomic molecules. [2,23–27] 
Size-selected clusters can be readily prepared and interrogated through 
use of electronic and/or infrared spectroscopy combined with jet-cooled 
supersonic expansions (molecular beams). [6,28–32] The advent of ve
locity mapped ion imaging (VMI) has provided another tool for inves
tigating the dissociation (binding) energies of clusters. [33–44] 

Following initial solvation of the chromophore with a single solvent 
molecule, subsequent solvation will involve competition between self- 
interaction in the solvent and interaction with the solute, leading to 
differing solvation mechanisms. Studies of micro–solvation, exploring 
the role of competition between solute-solvent and solvent-solvent in
teractions, can be probed via the study of higher order complexes. For 
solvents with strong hydrogen bonding interactions, e.g. ammonia 
(dimer binding energy of 12.9 kJ/mol) [45] or water (dimer binding 
energy of 20.9 kJ/mol), [46] the solvent-solvent interaction may 
dominate. For example, studies of PhCl⋯(NH3)n (n = 1–3) complexes 
show that upon ionization, the PhCl⋯NH3 dimer (i.e., n = 1) cation 
radical reacts via two distinct pathways: 1) Cl atom loss, to give pro
tonated aniline, and 2) HCl loss, to give the aniline cation radical. [47] 

* Corresponding author. 
E-mail address: scott.reid@marquette.edu (S.A. Reid).   

1 Present address.  
2 Present address. 

Contents lists available at ScienceDirect 

Journal of Molecular Structure 

journal homepage: www.elsevier.com/locate/molstr 

https://doi.org/10.1016/j.molstruc.2024.138679 
Received 28 March 2024; Received in revised form 15 May 2024; Accepted 18 May 2024   

mailto:scott.reid@marquette.edu
www.sciencedirect.com/science/journal/00222860
https://www.elsevier.com/locate/molstr
https://doi.org/10.1016/j.molstruc.2024.138679
https://doi.org/10.1016/j.molstruc.2024.138679
https://doi.org/10.1016/j.molstruc.2024.138679
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2024.138679&domain=pdf


Journal of Molecular Structure 1312 (2024) 138679

2

These reactive pathways are blocked in complexes with n = 2 and 3, 
presumably due to the larger self-interaction among the ammonia 
moieties. 

The role of cooperativity in the dissociation energies of model 
complexes and clusters is an active research area. Representative studies 
include the examination of interplay between hydrogen bonding, anion- 
π and lone pair-π interactions in anion recognition, [48] the coopera
tivity of hydrogen and halogen bonding interactions, [49] competition 
between weak hydrogen bonds, [50] and the strengthening effect of 
halogen, chalcogen, and pnictogen bonding on the halogen-π interac
tion. [51] Experimental investigation of such effects in weakly bound 
complexes is challenging, yet significant progress has been made in the 
study of three body effects between aromatics and rare gases. For 
example, Hobza and coworkers determined the dissociation energies of 
benzene-Ar and benzene-Ar2 clusters to be 649.2 cm−1 and 1324.7 cm−1 

respectively, [52] indicating a positive cooperativity with increase in 
dissociation energy (i.e., binding) for the second Ar (+4 %). In a related 
study, Lawrence and Bellm investigated the dissociation energy for the 
loss of an Ar atom from the p-difluorobenzene-Ar2 complex (339 cm−1). 
[53] Using a previously derived value for the dissociation of the 
p-difluorobenzene-Ar complex (337 cm−1), [35] they found that the two 
dissociation energies were consistent within experimental uncertainty, 
as the presence of the first Ar atom affected the dissociation energy of 
the second by less than ~ 2 %. Solvation of anisole with Ar atoms (n =
1–3) has been studied by Mazzoni et al., using a combination of quantum 
chemical calculations and high resolution resonant two-photon tech
niques. [54] The global minimum structure of the An…(Ar)2 system 
found the Ar atoms sitting on opposite faces of the aromatic chromo
phore, and the addition of a third Ar had no distinct minimum. [55,56] 

Complexes of two methane molecules with benzene, toluene, and 
aniline have previously been studied using Resonant 2-photon Ioniza
tion (R2PI) spectroscopy by Bernstein and co-workers. [57–61] Two 
distinct structures were considered, where the methane molecules were 
positioned on the same side or opposite sides of the aromatic ring. These 
early studies demonstrated a strong dependence of spectral shift of the 
origin band on cluster geometry. Taking benzene-methane as an 
example, the 1:2 cluster showed two distinct geometries which had 
different spectral shifts. [58] A conformer with the methane moieties on 
opposite sides of the ring gave a spectral shift in the origin band with 
respect to that of bare chromophore that was approximately additive; i. 
e., roughly twice that of the 1:1 complex. A second conformer, with the 
methane molecules on the same side of the aromatic ring, gave a 
non-additive spectral shift similar to that observed for the 1:1 cluster. In 
all cases the observed shifts of the complex bands were to the red (i.e., 
lower energy) of the bare chromophore. 

Two distinct isomers were also found for the toluene-(CH4)2 com
plex. [59] Here, the isomer with both methane moieties on the same side 
exhibited an electronic origin that was shifted to the blue (i.e., higher 
energy) of the 1:1 complex, which was found roughly 43 cm−1 to the red 
of the toluene monomer origin. In contrast, the isomer where the 
methane moieties were found on opposite sides of the chromophore led 
to a larger red shift, again additive in being roughly twice that found for 
the 1:1 complex. These spectral shifts inherently reflect the relative 
difference in binding energy in the excited (S1) and ground (S0) states, 
and complexes of aromatics which involve the π system tend to be more 
strongly bound in the S1 state and thus exhibit a spectral red-shift (vide 
infra). Thus, the origin position of the 1:2 “same side” isomer is 
consistent with disruption of the C–H/π interaction of the first methane 
by binding of the second. In contrast, the binding of a second methane 
on opposite face of the π-system leads to no such disruption and a larger 
red-shift from the monomer origin. 

We recently examined cooperativity in the binding of aniline to 
methane through experimental and theoretical studies. [62] Derived 
dissociation energies of the 1:1 complex were measured in ground (S0), 
excited (S1), and cation radical (D0) states, and the experimental results 
were in excellent agreement with theory. For the 1:2 complex, 

calculations predicted above that the most stable conformer consisted of 
methane moieties bound on opposite faces of the ring. Here a negative 
cooperativity was observed, where the dissociation energy for loss of a 
single methane from the 1:2 complex was smaller than that found for the 
1:1 complex, a trend reproduced by theory. 

Considering what is known for prior studies of the complexes of ar
omatics with methane, we thus expect for the anisole-(CH4)2 complex 
different possible structures where the two methane molecules are found 
on opposite sides of the aromatic ring or on the same side. However, 
anisole possesses two sites that can act as proton acceptors, the electron 
lone pair on oxygen and its aromatic π electron system, and therefore is a 
model system where C–H/π and C–H/O interactions occur in concert. 
In the present article, we examine cooperativity in the binding of 
methane to anisole by examining the spectroscopy and binding energy of 
the anisole-(CH4)2 complex. The experimental methods included mass- 
selected two-color R2PI spectroscopy (2CR2PI), two-color appearance 
potential (2CAP) measurements, and velocity mapped ion imaging 
(VMI). This study builds upon our prior study of the 1:1 complex, where, 
using 2CAP and VMI, we independently derived the dissociation en
ergies of the complex in ground (S0), excited (S1), and cation radical (D0) 
states, and found excellent agreement between the methods. The 
experimentally derived binding energies were compared with selected 
theoretical predictions from benchmarked DFT and ab initio methods, 
and the optimized ground state cluster geometry, in which methane sits 
above the ring and interacts with anisole via both C–H/π and C–H/O 
interactions, was consistent with experimental observations. The dual 
nature of the interaction was revealed by a larger ground state binding 
energy compared to the benzene-methane complex, where only C–H/π 
interactions are operative. Thus, solvation of anisole with a single 
methane occurs above the methoxy substituted ring carbon through the 
additive binding of both C–H/π and C–H/O interactions. [63] 

1.1. Experimental and theoretical methods 

Anisole…(CH4)2 clusters were prepared via the same method as 
previously used to produce anisole…methane clusters, by passing a 
premix of methane (10 %) in Ar carrier gas, at a backing pressure of 80 
psi, through a bubbler containing liquid anisole (Sigma Aldrich, 99 % 
purity) held in a refrigerated bath maintained at –5 ◦C. This gas mixture 
was expanded into the source chamber of a R2PI time-of-flight (TOF) 
mass spectrometer via the 0.8 mm diameter orifice of a pulsed nozzle 
(General Valve series 9), and passing into the extraction region of the 
TOF through a 1.5 mm diameter conical nickel skimmer (Beam Dy
namics). Resonant excitation was achieved using the frequency doubled 
output of a Nd:YAG pumped dye laser (Lambda-Physik Scanmate 2E 
pumped by the third harmonic of a Quantel Q-Smart 850 Nd:YAG laser), 
with ionization achieved using the tunable frequency doubled output of 
a second Nd:YAG pumped dye laser (Sirah Cobra-Stretch pumped by the 
second harmonic of a Spectra-Physics INDI Nd:YAG laser). Excitation 
and ionization lasers were overlapped spatially and temporally and 
counter-propagated through the TOF spectrometer. The counter
propagating lasers were loosely focused into the extraction region via 
1.0 m (pump) or 2.0 m (probe) plano-convex focusing lenses and 
intersected perpendicularly with the supersonic molecular beam. In two- 
color experiments, the energy of the excitation laser was attenuated 
using a polarizer such that no one–color signal was observed. 

Ionization yield spectra were then determined by setting the pump 
laser (λ1) on resonance and scanning the frequency of the second laser 
(λ2) through the ionization threshold, monitoring the anisole…(
methane)2 mass channel. To determine binding energies, we used two- 
color appearance potential (2CAP) measurements, where the pump 
laser was set on resonance (λ1) for the 1:2 complex, and the second 
(ionization) laser (λ2) was scanned while monitoring the anisole 
(methane) mass channel. Temporal control of the experiment was ach
ieved by use of an 8-channel digital pulse/delay generator (Berkeley 
Nucleonics 565). 
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Velocity-mapped ion imaging experiments were carried out in a 
separate spectrometer which utilized the same molecular beam source 
and has been described previously. [62,63] The gas mixture was 
expanded into the differentially pumped source chamber and the mo
lecular beam entered the ionization region by passing through a 1.5 mm 
diameter conical nickel skimmer (Beam Dynamics). The lasers crossed 
the molecular beam between the first (repeller) and second (extractor) 
electrodes, downstream of the skimmer orifice, with their respective 
voltages tuned precisely, to obtain velocity mapping conditions. To 
collect images only on the mass feature of interest, the rear MCP voltage 
was gated over the time of flight of the species of interest. Ion images 
were typically acquired over several thousand laser shots (18000 for a 
30-minute integration), with the signal attenuated by reduction of laser 
power to observe only a few ions each laser shot. The resultant images 
were background subtracted utilizing images obtained with λ2 set below 
the fragmentation threshold, and the inverse Abel transform of the im
ages was calculated using the pBASEX algorithm in a LABVIEW coded 
program. 

In our previous work, various levels of theory were benchmarked 
against the experimental binding energy for the anisole…CH4 cluster. 
[63] From these calculations B3LYP-D3, M06–2X and MP2 levels of 
theory, [64–68] employing the 6–311++g(3pd,3df) basis set, were 
found to determine values for the binding energies in the ground and 
cationic radical states in good agreement with experiment. Hence cal
culations were carried out on the anisole…(CH4)2 system employing the 
similar levels of theory. All calculations were undertaken using the G09 
Rev D suite of computational chemistry programs on the Marquette Pere 
cluster. 

2. Results and discussion 

As illustrated in Fig. 1, geometry optimizations at the MP2/ 
6–311++G (3df,3pd) level found three minimum energy structures for 
the 1:2 complex, as verified by frequency calculations which showed no 
imaginary frequencies. The calculated global minimum energy structure 
was structure A, where the methane molecules sat on opposite faces of 
the aromatic chromophore. In contrast, two structures (B, C) were found 

with the methane moieties on the same side of the aromatic ring. 
The mass selected 2CR2PI spectra of anisole and the anisole-methane 

1:1 and 1:2 clusters are presented in Fig. 2. The origin band of the 1:2 
cluster is shown to be red shifted by 129 cm–1 with respect to the 
monomer origin, which is twice that of the anisole-methane 1:1 complex 
(64 cm−1). This roughly additive spectroscopic shift is consistent with 
related studies of methane complexes with benzene and toluene, [58,59] 
and thus suggests that the two methane molecules occupy equivalent 
positions on opposite faces of the ring, consistent with the calculated 
global minimum energy structure shown in Fig. 1. Spectroscopic fea
tures close in frequency to the origin of the 1:1 cluster have been 
observed for both benzene…(CH4)2 and toluene…(CH4)2 and were 
assigned to conformers in which both methane moieties reside on the 

Fig. 1. Comparison of the ground state optimized structures of the anisole-methane 1:2 cluster from lowest energy to (A to C) at the MP2/ 6–311++G (3df,3pd) 
level. A = isotropic π-type geometry, B = anisotropic σ-π-type geometry and C = anisotropic π-type geometry. 

Fig. 2. R2PI spectra of anisole and the 1:1 and 1:2 complexes of anisole 
with methane. 
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same side of the ring. We find a broad, weak feature lying ~ 68 cm−1 

from the monomer origin in the 1:2 cluster spectrum, which is slightly 
red shifted from the 1:1 complex origin. This could represent the origin 
of a second conformer of the 1:2 complex, or simply low frequency 
vibrational structure of the more sTable 1:2 complex. As the intensity of 
this feature is very weak, it was not considered further. 

The measured ion yield curve for the anisole-methane 1:2 complex is 
shown as an inset in Fig. 3, together with that for the 1:1 cluster. The 
onset of the ion yield curve for the 1:2 cluster is more gradual compared 
to that of the 1:1 cluster, yet a clear threshold is observed around 8.151 
(5) eV. This value is shifted to lower energy from the previously deter
mined IP values for the anisole monomer and anisole-methane 1:1 
complex, respectively. [63] This result can be interpreted on the basis of 
an increased stabilization of the cationic charge in the ionized cluster. 

Fig. 3 highlights the thermochemical cycle used to derive the com
plex binding energies in S0, S1 and D0 states. Using two-color appearance 
potential (2CAP) measurements, the binding energy of the anisole- 
methane 1:2 complex in the D0 state was measured by monitoring the 
production of the anisole-methane cation radical (i.e., anisole-(CH4)+•) 
from the fragmentation of the anisole-methane 1:2 complex as the 
ionizing laser was scanned. The energetic onset marking the appearance 
potential of anisole-(CH4)+• represents the sum of the of the ground state 
binding energy and the ionization potential of the anisole-methane 
complex as illustrated in the left panel (A) of Fig. 4. The 2CAP spec
trum of the anisole-methane 1:2 cluster, plotted in terms of dissociation 
energy in the ground state (S0) using the derived anisole-methane 1:1 
complex IP, is shown on the right side of Fig. 4. An upper limit to the 
ground state (S0) dissociation energy of 0.067(2) eV (or 6.5(2) kJ/mol) 
was obtained using a linear extrapolation. Application of the thermo
chemical cycle shown in Fig. 3 then returns dissociation energies of 
0.075(2) and 0.103(2) eV for the S1 and D0 states, respectively, which 
represent upper limits to the true dissociation energies. 

VMI experiments were also conducted to determine the binding en
ergy of anisole-methane 1:2 cluster in the cation radical state (D0) for 
comparison with results from the 2CAP measurements. The procedure 
used was similar to the one presented earlier for determination of the 
binding energies of the anisole-methane 1:1 complex, and involved 
measuring the kinetic energy of the anisole-(CH4)+• fragment following 
loss of a single methane from the ionized 1:2 complex. Fig. 5 displays 
VMI images obtained at different two-color energies of 8.226 eV (below 
dissociation threshold), 8.260 eV, and 8.283 eV. From analysis of the 
energetic cutoff in the transformed kinetic energy distribution, we 
derived an upper limit to the dissociation energy in the D0 state of 0.102 
(1) eV, or 9.8(1) kJ/mol. The corresponding binding energies for the S1 
and S0 states from the VMI method were then obtained using the ther
mochemical cycle illustrated in Fig. 3. 

The determined dissociation energies from the two experimental 
methods as propagated across all three electronic states are presented in 
Table 1, together with selected theoretical predictions. We first note that 

the 2CAP and VMI experimental results are in excellent agreement. 
Second, when compared with our earlier study of the 1:1 complex, these 
results show a 10 % increase in dissociation energy for the 1:2 complex 
across all three states (S0, S1, D0). Thus, binding of the first methane 
molecule may have perturbed the electronic properties of the chromo
phore, leading to an increase in the binding interaction for the second 
methane. The difference in dissociation energy can be attributed to the 
presence of three body effects, [53] as observed for argon clusters of 
benzene and p-difluorobenzene. [53,69] 

Turning to theoretical studies, representative structures of the 
anisole-methane 1:2 complex were presented earlier in Fig. 1. Calcula
tions at the MP2/6–311++G(3dp,3df) level of theory show three 
structures corresponding to minima on the potential energy surface – 
two out of plane π-type geometries and one σ-type - π-type structure. 
Structure A in Fig. 1, which is the global minimum, has two methane 
molecules occupying equivalent positions above and below the plane of 
the anisole ring (isotropic cluster), while structures B and C have both 
methane molecules on the same side of the ring (anisotropic cluster). 
The global minimum energy structure is consistent with the additive 
red–shift in the excitation spectrum of the anisole-methane 1:2 complex, 
which is twice that observed for the 1:1 complex. Notably, the dual (i.e., 
C–H/O and C–H/π) mode of interaction is also evidenced in binding of 
the second methane. Prior studies of 1:2 complexes of benzene and 
toluene with methane have found the same type of geometries.55,56 Our 
previous study of the anisole-methane 1:1 complex showed that, in 
addition to MP2, dispersion corrected DFT methods well reproduced the 
experimental results. We thus carried out complete geometry optimi
zations using the various DFT methods shown in Table 1, and in all cases 
the predicted global minimum energy structure was consistent with that 
shown in Fig. 1A. The calculated dissociation energies of the anisole- 
methane 1:2 complex in the ground (S0) and cation radical (D0) states 
are provided in Table 1. Noticeably, the B3LYP-D3 and CAMB3LYP-D3 
methods underestimate the dissociation energies, particularly in the 
ground state. However, M06(2X) with both an aug-cc-pVTZ and 
6–311++g(3dp,3df) basis set well reproduced the ground and excited 
state dissociation energies. We also found that the PBE1-D3 method 
showed good agreement with experimental dissociation energies and 
provided the best performance in both the neutral and cation radical 
states when matched with an aug-cc-pVTZ basis set. 

As a further check on the optimized structures, calculations were 
carried out with tight optimization criteria in G16 using MP2 in com
bination with the 6–311++g(3df,3pd) basis set and the default ultrafine 
grid. No discernable difference were obtained in the calculated mini
mum energy structure and energetics. The calculated binding energy of 
5.9 kJ/mol (corrected for ZPE and BSSE) is in excellent agreement with 
the experimental findings for the ground state (Table 1). 

To gain more insights in the trend observed in dissociation energies 
of the 1:2 complex across the three electronic states, we carried out a 
Mulliken population analysis on the optimized structures of anisole, 
anisole-methane 1:1 and 1:2 complexes at the PBE1/aug-cc-pVTZ level 
of theory (Fig. 6). Charges on atoms were different across the monomer, 
1:1 and 1:2 complexes and the dipole moment of the 1:2 complex was 
reduced (1.1693 D) relative to that of the 1:1 (1.2344 D) and monomer 
(1.2841 D). The low dipole moment is indicative of electron density 
being drawn from the methoxy group to the aromatic ring. 

Finally, we compare the results from this study to our prior study of 
the aniline-(CH4)2 complex, which demonstrated a negative binding 
cooperativity. It is worth noting that the ground state (S0) dissociation 
energy of the anisole-(CH4)2 complex is roughly 14 % higher than that of 
the corresponding aniline complex, which may reflect the non-planarity 
of the amino group in the ground state. In the cation radical state (D0), 
the increase in dissociation energy is 25 %. In contrast, for the 1:1 
complexes the anisole complex is less strongly bound in the ground state, 
by some 14 %, and more strongly bound in the cation radical state, by 
some 15 %. This further illustrates the positive cooperativity in the 
anisole-methane system. 

Table 1 
Comparison of experimental and computed dissociation energies for the anisole- 
methane 1:2 complex. Experimental values list one standard deviation in 
parenthesis and all calculateddissociation energies were corrected for zero- 
point energy and basis set superposition error using the counterpoise method.   

Dissociation Energy (kJ/mol) 

Method S0 S1 D0 

Experiment (2CAP) 6.5(3) 7.2(3) 9.9(4) 
Experiment (VMI) 6.4(2) 7.1(2) 9.8(2) 
PBE1-D3/aug-cc-pVTZ 6.4 … 9.9 
PBE1-D3/6–311++G(3df,3pd) 6.0 … 9.6 
M06–2X-D3/aug-cc-pVTZ 5.8 … 10.2 
M06–2X-D3/6–311++G(3df,3pd) 5.7 … 10.8 
B3LYP-D3/6–311++G(3df,3pd) 4.9 … 9.1 
CAMB3LYP-D3/6–311++G(3df,3pd) 4.8 … 8.9 
MP2/6–311++G(3df,3pd) 5.9 … …  
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3. Conclusions 

As a means of probing cooperativity in C–H/O and C–H/π in
teractions, we have reported characterization of the spectroscopy and 
dissociation energies of anisole-methane 1:2 complex in ground (S0), 
excited (S1) and cation radical (D0) states using R2PI and VMI tech
niques. The global minimum energy structure predicted by MP2 and 
dispersion corrected DFT methods shows a dual mode of interaction 
(C–H/O vs C–H/π) on opposite faces of the aromatic ring, which is 
consistent with the observed additive spectral red-shift of the electronic 

origin, which is roughly twice that observed for the 1:1 complex. 
Dissociation energy data for the anisole-methane 1:2 complex showed 
an increase of some 10 % for the second methane relative to the first, 
which was consistent across all three states, and indicative of positive 
cooperative in binding. The degree of cooperativity is further evidenced 
by comparison with the related aniline complex. Experimental dissoci
ation energies were in good agreement with theoretical methods, with 
the PBE1-D3 method providing the most accurate description across the 
S0 and D0 states. 

Fig. 3. A snapshot of spectroscopic data obtained for the 1:1 and 1:2 anisole-methane complexes, together with an energy ladder diagram. For each species, 
electronic spectra (S0-S1) were obtained in 2CR2PI experiments as described in the text (lower figure in each panel). Ion yield spectra were then obtained in 2CR2PI 
measurements using a tunable second photon, to determine the ionization thresholds (upper figure in each panel). 

Fig. 4. A: Illustration of the 2CAP method as used to determine the dissociation energy of the 1:2 complex. Here the reference system is the 1:1 complex. B. 2CAP 
measurements for the anisole-methane 1:2 complex. The x-axis is scaled to reflect the ground state binding energy of the complex with respect to loss of a sin
gle methane. 
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