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ipole-bound anions can be formed by the interaction of 
electrons with highly polar neutral molecules or small 

clusters.
1−6

 The formation of dipole-bound states is thought to 
be the initial step in the attachment of electrons to many polar 

molecules. Thus dipole-bound anions that play this role are 
sometimes referred to as “doorway” or “stepping stone” 

states.
7−16

 A combination of experimental findings and 
theoretical predictions implies that molecules with dipole 

moments greater than 2.5 D can form dipole-bound anions.
17,18

 
The excess electron in a dipole-bound molecular anion can be 

envisioned as a highly delocalized cloud, tethered at the 
positive end of the molecular dipole and extending over a 

relatively large volume. Because it interacts only weakly with 
the larger molecule, the excess electron’s binding energy is very 

small, and there is little distortion of the molecule’s nuclear 
framework. For these reasons, dipole-bound anions exhibit a 
distinctive anion photoelectron spectroscopic signature, con- 
sisting of a single narrow peak at very low electron binding 

energy (EBE).
19,20

 The narrow peak derives from the fact that 
the structures of dipole-bonded molecular anions are essentially 

the same as their corresponding neutral molecules, which, in 
turn, leads to near-perfect Franck−Condon overlap and thus to 

a single narrow peak. In cases where significant structural 
distortion does occur, however, additional peaks can appear in 

the anion photoelectron spectra. These are often seen in the 
dipole-bound anions of hydrogen bond, dimers, and trimers, 

without evidence of additional Franck−Condon combination 
bands. 

Silatranes, XSi(OCH2CH2)3N (see Figure 1), are highly  
polar (∼6−9 D) molecular cages with labile, internal Si ← N 

 
 

 

 

Figure 1. Structure of 1-hydro- (HS) and 1-fluoro- (FS) silatrane. 
 

 

 
dative bonds. These bonds are strongly sensitive to the nature 
of their axial substituents, X, and to external factors.

23−27
 An 

attractive interaction Si ← N in silatranes predetermines the 
peculiarity of their structure, unusual spectral characteristics, 
and reactivity as well as a wide spectrum of biological 
activity.

23,24
 

Here we present results from our combined experimental− 
theoretical study of 1-hydro-silatrane (HS) and 1-fluoro- 
silatrane (FS) and their anions. These two were initially 
selected because they do not have low-lying vacant orbitals 
(primarily of π-type)

25−28
 and therefore are candidates for 

such as (HF) 
21,22

 and indole(H O) ,
16
 where intermolecular forming dipole-bound anions, HS− and FS−. It is also important 

2 2 1,2 to note that HS and FS differ in their Si ← N bond 
structural changes have occurred. Such peaks are due to 
combination bands of molecular and intermolecular (weak) 
vibrations. The dipole-bound anions of lone molecules do not 
show clear evidence of structural distortion; that is, they tend to 
exhibit single narrow peaks in their anion photoelectron spectra 
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ABSTRACT: Dipole-bound molecular anions are often envisioned as unperturbed neutral, 
polar molecules with single excess electrons. We report the observation of intramolecular 
structural distortions within silatrane molecules due to the formation of their dipole-bound 
anions. The combination of Rydberg electron transfer−anion photoelectron spectroscopy 
(RET-PES) and ab initio computational methodologies (CCSD and MP2) was used to study 
1-hydro- (HS) and 1-fluoro- (FS) silatranes and their dipole bound anions, HS− and FS−. The 
vertical detachment energies (VDEs) of HS− and FS− were measured to be 48 and 93 meV, 
respectively. Ab initio calculations accurately reproduced these VDE values as well as their 
photoelectron spectral profiles. This work revealed significant shortening (by ∼0.1 Å) of 
dative Si ← N bond lengths when HS and FS formed dipole-bound anions, HS− and FS−. 
Detailed computational (Franck−Condon) analyses explained the absence of vibrational 
features in the photoelectron spectra of HS− and FS−. 
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Figure 2. Anion photoelectron spectra of the dipole-bound anions of (A) 1-hydro- and (B) 1-fluoro-silatrane measured with the first harmonic of a 
Nd:YAG laser (1064 nm, 1.165 eV). 

 

Figure 3. MP2/B2(s) (in black) and CCSD/6-31++G(d,p) (in red) optimized geometries of silatranes, HS and FS, and their dipole-bound anions, 
HS− and FS−. Electron diffraction structural parameters for HS and FS are shown in blue. The bond lengths are in angstroms and the bond angles 
are in degrees. B2(s) is the 6-311++G(d,p) triple-ζ basis set augmented with an additional diffuse s function on each H atom and a set of diffuse s 
and p functions on the other atoms (see further description in the Supporting Information). 

strengths
23,25

 and that their geometries are  known  from 
electron diffraction studies.

29,30
 

The formation of the anions HS− and FS− benefited from 
our use of specialized experimental methods. Rydberg electron 
transfer (RET) is the ideal technique for forming dipole-bound 
anions. Schermann, Compton, Hammer, and ourselves have 
used RET extensively to prepare dipole-bound anions and 
analyze their EBEs using a  semiempirical  formula.

17,18,31−33
 

The recently developed combination of RET and anion 
photoelectron spectroscopy (PES), however, provides a 
somewhat more comprehensive  picture  of  dipole-bound 
anion energetics and structural aspects. In this work, we used 
our one-of-a-kind RET-PES apparatus and state-of-the-art ab 
initio computational methods to study the dipole-bound anions 
of 1-hydro- (HS) and 1-fluoro- (FS) silatrane, that is, HS− and 
FS−. 

Silatrane anions, HS− and FS−, were generated by a RET 
source. Neutral silatrane molecules, HS and FS, were vaporized 

in a heated pulsed valve and expanded with 10 psig of helium 
gas. Their anions, HS− and FS−, were formed when the neutral 
HS and FS molecules collided with a thermally expanded beam 

of potassium atoms, which had been excited to nd Rydberg 
states, where n is the principal quantum number, in two steps 

using two dye lasers. The anion signals were found to optimize 
at the 14d Rydberg state for HS− and 13d Rydberg state for 

FS−. The anions were then extracted into a time-of-flight mass 
spectrometer and mass-selected, after which their excess 

electrons were photodetached with another laser and energy- 
analyzed using velocity-map imaging spectroscopy. Details of 
the experiments are presented in the Supporting Information. 
Figure 2 presents the anion photoelectron spectra of HS− and 

FS−. The comb-like spikes along the baseline are due to 

http://dx.doi.org/10.1021/acs.jpclett.8b00355
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b00355/suppl_file/jz8b00355_si_001.pdf
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noise and are of no consequence. Each spectrum consists of a 
major, sharp peak at rather low EBE, strongly implying that 
HS− and FS− are dipole-bound anions. For HS−, the EBE peak 
is centered at 48 meV with a full width at half-maximum 
(fwhm) of ∼35 meV (Figure 2A). The EBE peak of FS− is 
centered at 93 meV also with an fwhm of ∼35 meV (Figure 
2B), 35 meV being only slightly greater than the experimental 
resolution. We assign these two peaks as the origins of the 
transitions between the dipole-bound anions and their 
corresponding neutral molecules. Therefore, the vertical 
detachment energy (VDE) values for  HS− and  FS− anions 
are 48 and 93 meV, respectively. Note that the EBE value of 
FS− is higher than that of HS−, which is to be expected due to 
the higher dipole moment of FS as compared with HS (Table 
S1). In photoelectron spectra such as these, which are 

 

 

Figure 4. Spin density distributions of HS− and FS− obtained at the 
MP2/B2(s) level (plotted with 0.00003 e·bohr−

3
 contour spacing). 

dominated by single sharp peaks due to the close similarity    
between the structures of the anion and its neutral counterpart, 
the anion’s VDE value is only slightly greater than the value of 
its corresponding neutral’s electron affinity (EA). 

The computed C3 symmetry structures of HS, FS, and their 
dipole-bound anions, HS− and FS−, optimized at MP2/B2(s) 
and CCSD/6-31++G(d,p) levels of theory are presented in 
Figure 3. Both the 

2
A1 dipole-bound anions and their 

corresponding neutral molecules were all found to exhibit 
single minima on their potential energy surfaces. For neutral 
molecules, the CCSD/6-31++G(d,p) method accurately 
reproduces the Si ← N bond lengths, dSi←N, as determined  
from electron diffraction data

29,30
 to within ∼0.03 Å, while with 

the MP2/B2(s) method, the discrepancy is ∼0.05 Å. More 
importantly, regardless of the method used for geometry 
optimization, a significant deformation of the coordination 
center around the silicon atom, XSiO3N, is observed upon the 
addition of an excess electron. This is also accompanied by an 
increase in ηe, that is, the pentacoordinate character or trigonal 
bipyramidal structure of the silicon atom (Figure 3, Table S2). 
Such structural deformation is mainly manifested by a decrease 

Table 1. Experimental and Calculated Values of the Vertical 
Detachment Energies (VDEs, in eV) for the Dipole-Bound 
Anions, HS− and FS−b 

 

 
aThe same VDE value was obtained using the MP2/aug-cc-pVDZ 

in d Si←N in the anion compared with that of its corresponding +7s7p8d(N)  method.  bRed  boxes  encapsulate  the  combinations  of theoretical  methods  for  geometry  and  energies  that  best  match 
neutral. So, as a measure of the silatrane geometry response to experiment. 
the extra electron addition, we have chosen the ΔdSi←N value,    
which is defined as the difference between the experimental Si 
← N bond lengths for neutral molecules and the calculated 
bond lengths for their dipole-bound anions. For HS−, ΔdSi←N is 
predicted to be 0.106 Å when calculated by the MP2/B2(s) 
method and 0.224 Å when computed by the CCSD/6-31+ 
+G(d,p) method. For FS−, ΔdSi←N is computed to be 0.101 Å 
by MP2/B2(s) and 0.189 Å by CCSD/6-31++G(d,p) (see 
Figure S1, its legend and corresponding comments). 

It is pertinent to note that upon the formation of valence- 
bound silatrane anions, calculations show their dative Si ← N 
bonds elongating rather than shortening.

34
 

Figure 4 shows that the spin density in HS− and FS− is 
localized outside the nuclear frame on the positive dipole end, 
confirming them as dipole-bound anions (see also the Figure 
S2). Therewith, in accordance with the dipole moment values 
in HS and FS, the electron cloud density for FS− is higher than 
that for HS− (see, for example, ref 35). 

The experimental and calculated VDE values for the dipole- 
bound anions, HS− and FS−, are presented in Table 1. The 
MP2/aug-cc-pVDZ+5s5p4d(N)    and   MP2/aug-cc-pVDZ 
+5s5p(H3) methods predict negative VDE values, incorrectly 
estimating the stability of the dipole-bound anions. Only 
methods that invoke basis sets with a large number of diffuse 
functions or account for more electron correlation give 

qualitatively correct predictions on electron attachment to 
these molecules. Exceptional agreement with experimental 
VDE values is observed when using the CCSD/6-31++G(d,p) 
geometries with MP2/aug-cc-pVDZ+5s5p4d(H3N) and MP2/ 
B2(s) methods. On the contrary, for MP2/B2(s) geometries,  
the best quality VDE calculations are demonstrated by using 
CCSD and CCSD(T) methods with the B2(s) and B2 basis 
sets. Noticeably, the EAs of HS and FS are calculated at the 
CCSD(T)/B2 level to be 39 and 90 meV, respectively, these 
being slightly lower than their VDE values, as expected. Because 
the VDE and EA values virtually coincide when there is near- 
perfect Franck−Condon overlap, as is the case for dipole- 
bound anions, the EA values of HS and FS were not separately 
determinable by the experiment. 

The ΔdSi←N values predicted by CCSD/6-31++G(d,p) are 
considerably larger than those predicted by MP2/B2(s), 
specifically by 0.108 Å for HS− and 0.088 Å for FS− (see 
Figure 3). Because excellent agreement between the exper- 
imental and calculated VDE values is found for both MP2 and 
CCSD optimized geometries, it is difficult to determine which 
geometry is more accurate based only on the quality of the 
VDE calculations. 

http://dx.doi.org/10.1021/acs.jpclett.8b00355
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Figure 5. Overlaid experimental (black solid line) and Franck−Condon (red dashed line) photoelectron spectra of HS− and FS−. Vibrational 
progressions are given by a blue line spectrum. (A,B) MP2/B2(s) geometry optimizations and normal vibrational modes. In determining the position 
of the 0−0 transition, we used the CCSD(T)/B2 adiabatic electron affinity (AEA) value (0.039 eV) for HS− and the CCSD/B2 AEA value (0.090 
eV) for FS−. (C,D) CCSD/6-31++G(d,p) optimized geometries and MP2/B2(s) normal vibrational modes. 

The choice between the geometry optimization methods for 
silatranes and their anions can also be done using the Franck− 
Condon simulation of the photoelectron spectra of HS− and 
FS− (Figure 5). An excellent match between experimental and 
theoretical photoelectron spectra is achieved when using the 
MP2 optimized geometries for HS− and FS− (Figure 5A,B). 
The estimated fwhm values for the dominant peak in the 
theoretical photoelectron spectra of HS− and FS− (0.036 and 
0.035 eV, respectively) agree with the experimental widths. The 
simulated photoelectron spectra of HS− and FS− using the 
CCSD geometries have complex vibrational profiles, which are 
fundamentally different from the observed experimental 
photoelectron spectra (Figure 5C,D). As a result, we conclude 
that   the   CCSD/6-31++G(d,p)   method   overestimates   the 
change of the Si ← N bond length and also other structural 

geometric relaxation upon the attachment of an electron occurs 
mainly along the first and fourth normal vibrational modes in 
HS and along the first and sixth modes in FS. They correspond 
to the Si ← N dative bond stretching and torsional motion of 
the SiO3 and N(CH2)3 fragments around the C3 symmetry axis 
in the silatrane molecule. The corresponding harmonic 
vibrations have very low frequencies (ω): for HS, ω1 = 85 
cm−1

 and ω4 = 235 cm−1
 with increases of 2 and 10 cm−1

, 
respectively, upon transition to the anionic state; for FS, ω1 = 
91 cm−1

 and ω6 = 237 cm−1
 with increases of 0 and 14 cm−1

, 
respectively, in the anionic state. The reason for this is the high 
lability of the Si ← N dative bond in HS, FS, and their dipole- 
bound anions, where <0.017 eV of energy is needed to change 
the Si ← N distance by 0.1 Å (see Figure S1 and refs 36−38). 
Consequently, the vibrational transitions (0 

0
,1 

1
,4 

1
) and (0 

0
, 

0 0 0 0 
parameters when an excess electron is attached to HS or FS. 1 

1
, 6 

1
), which are associated with the donor−acceptor moiety 

0 0 

The MP2/B2(s) level of theory predicts more accurate anionic 
geometries and reasonable ΔdSi←N values of 0.106 Å for HS− 
and 0.101 Å for FS−. Such a large deformation of bond contacts 
is unprecedented for dipole-bound molecular anions. 

Franck−Condon factors are listed in Table S3. We show that 
the main peaks in the simulated photoelectron spectra of HS− 
and FS− are formed by the superposition of the 0 

0
,1 

1
,4 

1
 and 

XSiO3 ← N(CH2)3, are very energetically close and form a 
separate, narrow main peak (typical of dipole bound anions) in 
the photoelectron spectra of HS− and FS−. 

In addition to the above, the vibrational transitions 130
1
 at 

0.11 eV and 330
1
 at 0.19 eV for HS− and 220

1
 at ∼0.20 eV for 

FS− were  observed  in  their  theoretical  spectra  (Table S3). 
However,  despite  the  significant  structural  changes  in  the 

0 0 0 

00
0
, 1 

1
, 6 

1
 transitions, respectively. These transitions are coordination center XSiO N of HS and FS upon the extra 

spaced apart from one another by <0.03 eV, which is 
comparable to the instrumental resolution. This situation can 
explain the observed asymmetry and broadening at the bottom 
of the HS− and FS− peaks on their high EBE sides. The 

electron attachment, the intensity of these additional peaks in 
the photoelectron spectra of HS− and FS− does not exceed the 
noise level in the experimental spectrum. Indeed, judging from 
the Franck−Condon factors values (Table S3), the relatively 
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■ 

■ 

1,2 

rigid modes 13 (HSiO bending) and 33 (CO bond stretching) 
in HS and mode 22 (SiF bond stretching) in FS are practically 
not populated upon the electron photodetachment from HS− 
and FS−. 

To summarize, we report the observation of an unusual 
structural change when a lone molecule (intramolecular 
complex) forms dipole-bound anions. This provides new 
insight into our current understanding about dipole-bound 
anions, where excess electrons are weakly bound to the neutral 
molecular framework. The novel combination of RET and PES 
is promising for investigating anions that were not easily 
attained previously. 
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