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 2 

ABSTRACT 

 

Ion triplets of the chloride salts of two commonly used weakly coordinating cations are reported 

(i.e., Cl– • NMe4+ Cl– (1–) and Cl– • PPh4+ Cl– (2–)). Negative ion photoelectron spectra at 20 K 

afford vertical and adiabatic detachment energies of 5.18 and 5.00 eV (1–) and  5.03 and 4.70 eV 

(2–), respectively. These results are well reproduced by CCSD(T) calculations whereas M06-2X is 

systematically too small by ~0.3 eV (i.e., 7 kcal mol–1). The structures of both 1– and 2– have five 

or six C–H•••Cl– interactions that stabilize these cluster anions  by 32 (1–) and 27 (2–) kcal mol–1 

as given by their chloride dissociation enthalpies. These values drop to 7.4 and 3.8 kcal mol–1 in 

dichloromethane based up conductor-like polarizable continuum model calculations and suggest 

that X– • M+ X– ion triplets with a weakly coordinating cation maybe the reactive form of salts 

under some conditions. 
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 3 

INTRODUCTION 
  

Incorporation of positively and negatively charged substituents into otherwise noncharged 

catalytic platforms when paired with weakly coordinating counterions afford salts that display 

enhanced catalytic activity in nonpolar media.1-22 The structures of these catalysts, and ionic 

intermediates in general, presumably afford ion pairs and higher-order aggregates in commonly 

used solvents with low dielectric constants such as chloroform (e = 4.71), dichloromethane (8.93), 

diethyl ether (4.24), tetrahydrofuran (7.43), and toluene (2.37).23 "Free" ions and ion triplets (i.e., 

X– • M+ X– and M+ • X– M+) are also expected to be present but relatively little is known about the 

reactivities and structures of the latter species when M+ is an organic ion. To begin to probe these 

species, computations and negative ion photoelectron spectroscopy (NIPES) studies of the chloride 

salts of tetramethylammonium and tetraphenylphosphonium ions (i.e., Cl– • NMe4+ Cl– (1–) and 

Cl– • PPh4+ Cl– (2–)) were investigated. These cations were chosen because they are commonly 

considered to be weakly coordinating and as a result are used in numerous chemical applications.24 

 
 

METHODS 
 

 Experiments. Ion clusters 1– and 2– were generated by electrospray ionization of ~0.1 mM 

solutions of NMe4+ Cl– in 1:3 H2O/CH3CN and PPh4+ Cl– in CH3CN, respectively. The resulting 

anions were accumulated for 20 – 100 ms in the cryogenic 3D ion trap of an instrument that 

previously has been described.25 After collisional cooling to 20 K with helium buffer gas the 

negative ions were pulsed into a time-of-flight mass spectrometer at 10 Hz, and the desired ion-

triplets were mass-selected and decelerated for photodetachment at 157 nm (7.866 eV) with a 

Lambda Physik CompexPro F2 laser operated at 20 Hz. Photoelectron spectra were recorded 

alternately with the ion beam on and off to obtain shot-to-shot background corrected spectra. The 

observed electron flight times were converted to kinetic energies using the known spectrum of I–
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 4 

/Au(CN)2– as a calibrant.26,27 Vertical detachment energies (VDEs) were obtained from the peak 

maxima and the adiabatic detachment energies (ADEs) were assigned using a linear fit of the onset 

region. The energy resolution (DE/E) is estimated to be ~2% or 20 meV at 1 eV and the 

uncertainties in the VDEs and ADEs are approximately 0.1 eV. 

 Computations. Initial geometries were obtained by adding Cl– at different locations to 

previously reported structures for NMe4+ Cl– and PPh4+ Cl–24 and then full optimizations were 

carried out using the M06-2X28-30 hybrid density functional and the aug-cc-pVDZ basis set.31 

Vibrational frequencies were computed to ensure that each located stationary point corresponds to 

an energy minimum (i.e., only has positive eigenvalues) and to obtain the zero-point energies 

(ZPEs). Single point energies were computed subsequently with the larger aug-cc-pVTZ basis set 

and the same density functional. For the smaller system (i.e., Cl– • NMe4+ Cl– and related species) 

M06-2X/aug-cc-pVTZ and wB97xD/aug-cc-pVDZ optimizations, and wB97xD/aug-cc-pVTZ// 

wB97xD/aug-cc-pVDZ, M06-2X/aug-cc-pVQZ//M06-2X/aug-cc-pVDZ, and CCSD(T)/aug-cc-

pVTZ//M06-2X/aug-cc-pVDZ energies were also obtained.32-34  For the larger 

tetraphenylphosphonium ion containing species, M06-2X/aug-cc-pVTZ single point energies were 

computed. VDEs and ADEs at 0 K were subsequently derived from the energy differences between 

the anions and their corresponding radicals, where the fully optimized geometries for the latter 

structures were used for the ADEs and the anion geometries were employed to obtain the VDEs. 

Conductor-like polarizable continuum model (CPCM)35,36 single point energies on M06-2X/aug-

cc-pVDZ optimized structures with the M06-2X/aug-cc-pVTZ basis set were also carried out on 

Cl–•••HCl, Cl– • NMe4+ Cl–, Cl– • PPh4+ Cl–, and their constituents. All these calculations were 

carried out using Gaussian 1623 either at the Minnesota Supercomputer Institute for Advanced 

Computational Research or on an iMac computer with the use of Gaussview 6.37 Moreover, 
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 5 

Franck-Condon and density-of-state (DOS) simulations were also carried out for selected species 

to simulate spectra to compare with experimental ones. The Franck-Condon simulations were 

performed with the ezSpectrum program,38 while the DOS simulations were done with the 

Multiwfn software package.39  

 
RESULTS AND DISCUSSION 
 
 

 Negative ion photoelectron spectra of Cl– • NMe4+ Cl– and Cl– • PPh4+ Cl– were obtained at 20 K 

and are shown in Figure 1. Both spectra consist of a partially resolved broad band approximately  

 

 
 

Figure 1. NIPE spectra of Cl– • NMe4+ Cl– (in red) and Cl– • PPh4+ Cl– (in blue) recorded at 20 K 

with a 157 nm laser, and their comparisons to simulated density of state (DOS) spectra (in gray) 

convoluted based on computed relative energies of frontier molecular orbitals (MOs, black sticks) 

using gaussians with 0.2 eV full width at half maximum for each stick. See Figure S1 for rendered 

MOs.  
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 6 

1 eV in width with peak maxima corresponding to the VDEs of 5.18 ± 0.10 and 5.03 ± 0.10 eV, 

respectively. Poorly resolved features are observed at lower and higher energies than the band 

maxima, in part, due to the 0.109 eV spin-orbit coupling of chlorine atom.40 A linear fit of the 

rising portion of the onset regions of the spectra provide an upper bound estimate for the ADEs of 

Cl– • NMe4+ Cl– and Cl– • PPh4+ Cl– of 5.00 ± 0.10 and 4.70 ± 0.10 eV, respectively. These values 

are 1.39 and 1.09 eV or 32.1 and 25.1 kcal mol–1, respectively larger than the previously reported 

ADE for Cl– of 3.613577 ± 0.000044 eV.41 In addition, there are some extra features at higher 

EBEs close to the photon energy limit for the Cl– • PPh4+ Cl– complex, leading to a gradually rising 

tail (6.5 – 7.2 eV) (Figure 1). Such a feature is not present for the Cl– • NMe4+ Cl– complex whose 

NIPE spectrum exhibits a flat profile on the higher EBE side of the main band. 

Cl– • NMe4+ Cl–. M06-2X/aug-cc-pVDZ structures for Cl– • NMe4+ Cl– were located by 

starting with a previously optimized geometry for NMe4+ Cl– and adding Cl– at several different 

locations.24 The most favorable species has CS symmetry and is nearly C2V (1–CS) whereas its C3V 

analog (1–C3V) is 5.0 – 5.5 kcal mol–1 less stable depending upon the computational method and 

basis set employed (Table 1, Figure 2, and the supporting information for more details). In both 

structures there are six C–H•••Cl– interactions with distances of 2.33 and 2.63 Å in 1–CS and longer 

lengths of 2.47 and 2.83 Å in the less stable isomer (i.e., 1–C3V). 

 Upon loss of an electron from  1–CS and 1–C3V there is little change to the structure of the 

tetramethylammonium cation core but the symmetries of the respective clusters increase to C2V and 

decrease to CS. Significant changes in the C–H•••Cl– distances are observed and for 1•C2V there is a 

0.14 Å contraction of four of the C–H•••Cl interactions and a 0.18 Å elongation of the other two. 

In contrast, for 1•CS there is a reduction of 0.11 Å in of the C–H•••Cl distances involving the three 
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 7 

Table 1. Experimental and Calculated VDEs, ADEs, and Fragmentation Energies of Cl– • NMe4+ 

Cl– (1–CS and 1–C3V) and Cl– • PPh4+ Cl– (2–).a 
 

cmpd quantity M06-2X CCSD(T) expt 
1–
CS VDE (eV) 4.83 5.11 5.18 ± 0.10 

 ADE (eV) 4.78 5.06 5.00 ± 0.10 
 DH˚Diss(anion)b 

 
32.1 32.3 ~32.0c 

 DH˚Diss(radical) b 

 
5.8 -3.6  

1–
C3V VDE (eV) 4.88 4.75  

 ADE (eV) 4.77 4.62  
 DH˚Diss(anion)b 

 
27.1 26.8  

 DH˚Diss(radical)b 

 
1.0 1.2  

2– VDE (eV) 4.78 5.06d 5.03 ± 0.10 
 ADE (eV) 4.38 4.66d 4.70 ± 0.10 
 DH˚Diss(anion)b 

 
25.9  ~25.1c 

 DH˚Diss(radical)b 

 
8.8   

 
aM06-2X = M06-2X/aug-cc-pVTZ//M06-2X/aug-cc-pVDZ and CCSD(T) = CCSD(T)/aug-cc-
pVTZ//M06-2X/aug-cc-pVDZ. bFragmentation energies of Cl– and Cl• (DH˚Diss) are in kcal mol–1. cExpt 
ADE(ion triplet) – ADE(Cl–). dEstimated VDE and ADE CCSD(T) energies for 2– as indicated in the text. 
 

              

       1–
CS (Erel = 0.0)      1–

C3V (Erel = 5.0, 5.5) 
 

                

       1•C2V  (Erel = 0.0)       1•CS  (Erel = 4.9, -4.7) 
 

Figure 2. Optimized M06-2X/aug-cc-pVDZ structures of Cl– • NMe4+ Cl– with CS (top left) and 
C3V (top right) symmetry and their corresponding radicals (bottom row, 1•C2V (left) and 1•CS (right)), 
where bond distances are given in Angstroms and the respective M06-2X and CCSD(T) relative 
energies are given in kcal mol–1.  
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 8 

single hydrogen bond donating methyl groups and large increases of 0.49 and 0.53 Å for the three 

C–H•••Cl interactions to the single methyl group. In this latter structure the computed atomic 

polarization tensor (APT)42 charges and Mulliken spin densities are smallest and largest, 

respectively on the latter chlorine (i.e., q = 0.01 vs -0.95 and 1.00 vs 0.00 e–). It is thus the predicted 

site for photoelectron detachment and the primary location where the unpaired electron resides. 

For 1•C2V, APT charges and Mulliken spin densities are equivalent on the two Cl atoms (i.e., q =  

-0.14 and 0.49 e–, respectively), indicating photodetachment occurs across the two Cl atoms, which 

is supported by highest occupied molecular orbital (HOMO) of 1–CS with electron clouds uniformly 

distributed across the two Cl atoms (Figure S1). 

      Despite some changes in the molecular geometries upon photodetachment, the simulated 

Franck-Condon spectrum based on the 1•
C2V  ← 1–CS  transition exhibits a narrow-band spectral 

profile consisting of mainly one set of transitions attributed to the Cl scissoring mode with a band 

width (~100 meV full width at half maximum) substantially narrower compared to that of the 

experimental NIPE spectrum (Figure S2). On the other hand, due to the presence of two Cl– ions, 

there are a number of close-lying molecular orbitals (MOs) beneath the HOMO. As shown in 

Figure 1 and Figure S1, there are six MOs within an energy window of 0.15 eV that correspond to 

the six 3p orbitals of the two Cl– anions, followed by deeper MOs that are attributed to the NMe4+ 

moiety. Transitions arising from these close-lying MOs cause band broadening, which is nicely 

reproduced by a density of state (DOS) simulation as seen from Figure 1. Given the large energy 

gap of  > 5 eV between the MOs dominated by the two Cl– ions and those mainly attributed to the 

NMe4+ moiety (Figure S2), no additional transitions are experimentally observed due to the photon 

energy limit at 157 nm of 7.866 eV. 
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 9 

 In terms of the energetics, the CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-pVDZ (referred to as 

CCSD(T) hereafter) predictions for the VDE and ADE are in excellent accord with the 

experimental results (i.e., VDE = 5.11 (CCSD(T)) vs 5.18 ± 0.10 (expt) and ADE = 5.06 

(CCSD(T)) vs 5.00 ± 0.10 eV (expt)). In contrast, the M06-2X/aug-cc-pVTZ//M06-2X/aug-cc-

pVDZ (referred to as M06-2X hereafter) calculated VDE and ADE are smaller than the 

experimental values by 0.35 and 0.22 eV, respectively. To assess these respective 8.1 and 5.1 kcal 

mol–1 differences, the impact of the basis set (aug-pVDZ, aug-pVTZ, and aug-pVQZ), dispersion, 

and the effect of using optimized aug-cc-pVTZ geometries were investigated. The results of these 

calculations are provided in the supporting information since the changes in the VDE and ADE 

are minimal (i.e., ≤ 0.05 eV). In addition, similar results were obtained with the wB97xD hybrid 

functional. 

 As anticipated, the computed M06-2X and CCSD(T) chloride ion dissociation enthalpies of 

the ion triplet 1– are much larger than the corresponding values for the loss of chlorine atom from 

1•. That is, cleavage of 1– to NMe4+ Cl– and Cl– is computed to be endothermic by 32.3 (CCSD(T)) 

and 32.1 (M06-2X) kcal mol–1 whereas the separation energy for 1• to NMe4+ Cl– and Cl• is -3.6 

(CCSD(T)) and 5.8 (M06-2X) kcal mol–1. As a result, the predicted ADE of 1– is 33.4 (CCSD(T)) 

and 26.9 (M06-2X) kcal mol–1 larger than for the experimental ADE of Cl– (i.e., 3.613 eV).39 This 

is in excellent accord with the measured difference of 1.39 ± 0.10 eV (32.1 ± 2.3 kcal mol–1) and 

is similar to DADE (Cl–H•••Cl– – Cl–) = 1.28 eV (29.5 kcal mol–1).43 

Cl– • PPh4+ Cl–. Chloride anion was added to a previously optimized structure for PPh4+ Cl– at a 

few different positions and the most favorable M06-2X/aug-cc-pVDZ geometry was found to have 

CS symmetry (2–, Figure 3). Two phenyl rings interact with both chloride ions via their ortho 

hydrogens to the phosphorous atom resulting in four C–H•••Cl– interactions with distances of 2.45  
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 10 

                  

Figure 3. Optimized M06-2X/aug-cc-pVDZ structures of Cl– • PPh4+ Cl– (2–) with CS symmetry 

(left) and its corresponding C1 radical (2• (right)), where Cl•••H (a, c, d and specified lengths) and 

Cl•••ring plane (b) distances are given in Angstroms; one distance (2.463 Å) in 2• corresponds to a 

Cl•••C separation. 

 

and 2.79 Å. A fifth such hydrogen bond to an ortho hydrogen on one of the two remaining phenyl 

groups has an even shorter length of 2.21 Å.  The distance between the ring plane of the last phenyl 

substituent as defined by the carbon atom bound to phosphorous and its adjacent carbon atoms and 

one of the chloride ions is 2.49 Å. 

 Upon electron loss from 2– there is a big change in the structure of the tetraphenylphosphonium 

cation core in that the phenyl rings rotate about the C–P bonds and the C–H•••Cl– distances elongate 

and contract by large amounts (i.e., +0.41, +0.65, -0.16, -0.19, and -0.32 Å). These changes are in 

accord with the observed tail in the onset region of the spectrum as this is indicative of a significant 

geometry difference between the anion and its corresponding radical. Atomic polarization tensor42 

charges and Mulliken spin densities are quite different for the two chlorine atoms (q = -0.77 vs      

-0.26 and spin densities of 0.00 and 0.63, respectively) and indicate that the bulk of the spin density 

c

d

b

a

a = 2.447 Å
b = 2.488 Å
c = 2.786 Å
d = 2.206 Å

a

c

2.254

2.855
2.851

2.625

2.463
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 11 

resides on the chlorine on the right side of 2• as shown in Figure 3. This also agrees with computed 

HOMO of 2– with electrons exclusively located around this Cl atom (Figure S1). Similar to Cl– • 

NMe4+ Cl–, the M06-2X/aug-cc-pVDZ calculations for Cl– • PPh4+ Cl– also predict a series of 

close-lying MOs with the electrons mainly located on the Cl atoms but with a much smaller energy 

gap of ~1.8 eV to those primarily located on the PPh4+ group (Figure S1). As the result, the 

transitions from ionizing these PPh4+ MOs are also present in the experimental NIPE spectrum and 

appear as the rising tail from EBE = 6.5 – 7.2 eV. Due to the large geometric changes that occur 

upon photodetachment, we were unable to simulate a Franck-Condon spectrum for this species but 

the DOS simulation is in good agreement with the experimental NIPE spectrum (Figure 1).  

 Given the relatively large size of Ph4P+, CCSD(T) calculations with the aug-cc-pVTZ basis set 

are impractical for 2– and 2• with our computational resources. This is unfortunate since this 

method provides a VDE and ADE for 1– that are in excellent accord with experiment whereas the 

computationally less demanding M06-2X calculations give poorer results. However, since it is 

much easier to reliably compute relative energies than absolute values, an estimated CCSD(T) 

VDE and ADE for 2– was determined as illustrated for the latter case in equation 1. This affords 

predictions of 4.66 and 5.06 eV for the ADE and VDE of 2– which are in excellent accord with the 

experimental results of 4.70 ± 0.10 and 5.03 ± 0.10 eV, respectively. 

 

ADE(1–)M06-2X – ADE(2–)M06-2X » ADE(1–)CCSD(T) – ADE(2–)CCSD(T)     (1) 

4.78 – 4.38 eV = 5.06 – ADE(2–)CCSD(T) eV 

ADE(2–)CCSD(T) = 4.66 eV 

 

 Given that Ph4P+ is a more weakly coordinating cation than NMe4+, it is not surprising that the 

M06-2X fragmentation energy of Cl– from 2– is less than for 1– (i.e., 25.9 vs 32.1 kcal mol–1) and 
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 12 

that its observed ADE is smaller (4.70 vs 5.00 eV) and only 1.09 eV (25.1 kcal mol–1) larger than 

for Cl–. This former result is similar to the 26 and 24 kcal mol–1 chloride anion clustering energy 

of phenol and acetic acid, respectively,44 and indicates that the stabilizing influence of PPh4+ Cl– 

in the gas phase is similar to neutral hydrogen bond donors with modest acidities. In solution one 

might expect the clustering abilities of salts to be smaller than their comparable non-charged 

BrØnsted acids in the gas phase. To examine this possibility, conductor-like polarizable continuum 

model (CPCM)35,36 computations in dichloromethane were carried out on Cl–•••HCl, Cl– • NMe4+ 

Cl–, Cl– • PPh4+ Cl–, and their fragmentation products. As anticipated, the M06-2X gas phase 

clustering energies dropped from 25.5, 32.1, and 25.9 kcal mol–1, respectively to 10.8, 7.4, and 3.8 

kcal mol–1. These results suggest that anion-cation-anion ion triplets especially when the cation is 

weakly coordinating maybe the reactive form of salts under some conditions. 

 
CONCLUSIONS 

 
Triple ions Cl– • NMe4+ Cl– (1–) and Cl– • PPh4+ Cl– (2–) were examined at 20 K by negative ion 

photoelectron spectroscopy and their ADEs are 1.39 and 1.09 eV larger than for Cl–. These results 

are well reproduced by CCSD(T) calculations but M06-2X values are systematically too small by 

~0.3 eV. The structures of these ion triplets are stabilized by multiple C–H•••Cl– hydrogen bonds 

(5 or 6) and a Cl––p-bond interaction in 2–. CPCM calculations indicate that this stabilization is 

greatly diminished in solution even in a nonpolar solvent and thus ion triplets could be the reactive 

form of salts in some instances.  
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