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ABSTRACT: Controlling reactivity with electric fields is a persistent challenge in
chemistry. One approach is to tether ions at well-defined locations near a reactive center.
To quantify fields arising from ions, we report crown ethers that capture metal cations as
field sources and a covalently bound vibrational Stark shift probe as a field sensor. We use
experiments and computations in both the gas and liquid phases to quantify the vibrational
frequencies of the probe and estimate the electric fields from the captured ions. Cations, in
general, blue shift the probe frequency, with effective fields estimated to vary in the range of
∼0.2−3 V/nm in the liquid phase. Comparison of the gas and liquid phase data provides
insight into the effects of mutual polarization of the molecule and solvent and screening of
the ion’s field. These findings reveal the roles of charge, local screening, and geometry in the
design of tailored electric fields.

E lectric fields experienced by a molecule arise from
orientation of solvent dipoles, organization of ions, and

the presence of nearby polarizable entities. Such fields
influence the thermodynamics and kinetics of a vast range of
reactions, especially if the reactants, products, or transition
states are charged or dipolar. The magnitude and direction of
such fields are a natural consequence of the molecular
electrostatic environment. To control and direct chemical
reactions, it is often necessary to tailor the local electrostatics.
Such engineering of the chemical microenvironment is an
important frontier of contemporary chemistry.
The effects of electric fields on reactions are manifested in a

variety of scenarios, especially in electrochemical, molecular,
and enzymatic catalysis. Two examples are the through-space
substitution effect on iron(0) tetraphenylporphyrins to catalyze
electrochemical conversion1 of CO2 to CO and the electron-
catalyzed dehydrogenation reaction of ethylene.2 In addition,
Surendranath and co-workers have shown that spontaneous
electric fields generated by interfacial proton and electron
transfer in different solvents can affect hydrogenation reactions
on a Pt/C catalyst.3 Similarly, polarizing fields emanating from
charged entities, such as titratable amino acids, in an
enzyme4−6 also influence chemical reactions. Furthermore, a
number of studies have shown that installing a charge at well-
defined locations relative to a reactive center can control the
reaction mechanisms and selectivity of molecular catalysts.7−11

The influence of these electric fields on reactions can be due
to a number of factors, including preorganization, electrostatic
attraction or repulsion in bimolecular reactions, and direct
polarization of a chemical bond.12−17 For example, the
presence of a potassium ion in the deacetylase active site
helps preorganize the residues to activate the protein

function,12 whereas the presence of higher cationic charges
can reduce the rate of N2 formation in bimolecular coupling
reactions.15 As another example, the presence of cationic
charge in a copper catalyst was shown to affect C−H activation
by polarizing the C−H bond.14 Electric fields from ions can
also affect excited states and photodissociation reactions.18

Therefore, it is important to quantify the localized electric
fields emanating from ions more systematically at molecular
length scales.
Inspired by the work by Yang and co-workers,15,19,20 we

have designed a model molecule that aids in quantifying the
electric fields emanating from cations. Our molecule is a crown
ether that bears a covalently attached benzonitrile (Figure
1a,b), which is a known vibrational probe for sensing local
electric fields.21−27 The probe, which resides within a
nanometer of the captured ion, reports the effective electric
field from the cation. We present vibrational spectroscopy
results in the liquid phase for the crown ethers loaded with a
number of cations with 1+, 2+, and 3+ charges. To better
isolate the effects of solvent and counterions and to understand
the geometry of the cations in the crown, we also report
vibrational spectra in the gas phase. Finally, with support from
computational work, we describe the factors that affect the
electric fields generated by the ions and sensed by the probe.
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All reactions were carried out under dry N2 in oven-dried
glassware, unless otherwise noted. Anhydrous dichloromethane
(DCM) (Sigma- Aldrich), Acetonitrile (EMD), tetraethylene
glycol (Sigma-Aldrich), pentaethylene glycol (Sigma-Aldrich),
p-toluenesulfonyl chloride (TsCl) (Alfa Aesar), and 3,4-
dihydroxybenzonitrile (Sigma-Aldrich) were purchased and
used as received. Potassium carbonate (K2CO3) was dried at
120 °C in a vacuum oven overnight prior to use. Crown ethers
B15C5-CN and B18C6-CN were prepared according to
literature procedure.28 Details of the reaction schemes,
synthesis of the tosylate precursors and crown ethers, and
NMR characterizations can be found in the Supporting
Information.
The FT-IR spectra were recorded for 400 mM of crown

ethers with and without various metal salts in a Thermo
Scientific Nicolet iS50 spectrometer. A demountable FT-IR
cell from International Crystal Laboratories was used to hold
two calcium fluoride windows separated by a 15 μm Teflon
spacer, and FT-IR spectra were acquired in transmission mode
with a liquid nitrogen cooled MCT detector. Highly polar
propylene carbonate (dielectric constant: 64.9) was used as
solvent, as this can dissolve all the metal salts and the crown
ethers. Spectra for the metal ions complexed with crown ethers
were obtained using 1:1 mixtures of metal salts and crown
ethers. Our estimated error in assigning frequencies is ±0.25
cm−1 arising from 0.5 cm−1 resolution of the instrument. The
salts were used as purchased from Sigma-Aldrich. Trifluor-
omethanesul fonate (OTf− , [CF3SO3]

−) and bis-
(trifluoromethane)sulfonimide (TFSI−, [(CF3SO2)2N]

−)
were used as counteranions. The OTf− and TFSI− anions
are larger in size, and they can remain dissociated from the
metal ions. The metal salts used in this work are LiTFSI,
NaTFSI, KOTf, Mg(TFSI)2, Ca(OTf)2, Ba(OTf)2, Zn-
(TFSI)2, Mn(OTf)2, Ni(OTf)2, Cu(OTf)2, Al(OTf)3, Sc-
(OTf)3, Eu(OTf)3, Y(OTf)3, Yb(OTf)3, and In(OTf)3. The
spectra were baseline corrected.
The gas-phase spectra presented here were recorded using a

custom-built, tandem photofragmentation mass spectrometer,
which has been described in detail previously.29 In short, the
crown ether complexes were extracted from solution and
ionized using electrospray ionization (ESI). The ions so
produced were introduced into vacuum through multiple
stages of differential pumping and held in a cryogenically
cooled, radio frequency Paul trap, where they were cooled to
∼20 K through collisions with helium buffer gas. The buffer
gas was doped with 10% D2, which was employed as a mass

tag. At the cryogenic temperatures maintained in the ion trap,
the D2 mass tag forms a weakly bound complex with the ion
under study. Infrared spectra were recorded by scanning a
pulsed laser (Laser Vision, 10 mJ, 10 ns, 10 Hz repetition rate)
over the reported frequency range. When the laser pulse is
resonant with a vibrational mode of the ion under study,
absorption of a single photon is sufficient to effect photo-
dissociation of the mass tag through intramolecular vibrational
redistribution. Monitoring photofragmentation of the weakly
bound complex as a function of laser frequency thus yields
infrared action spectra in a linear, single-photon regime.
We used the Conformer-Rotamer Ensemble Sampling Tool

(CREST)30,31 to perform a conformational search on the
B15C5-CN crown ether with 13 different metal ions (Cs+, K+,
Li+, Na+, Rb+, Ba2+, Be2+, Ca2+, Mg2+, Sr2+, Zn2+, Al3+, and
Sc3+). In total, this procedure identified 542 local minima at
the density functional tight binding (DFTB) level of theory
across all ions. Further details on the CREST conformational
search can be found in the SI. These 542 different
configurations were then used as starting geometries for
density functional theory (DFT) geometry optimizations using
the B3LYP32 functional with Grimme’s D333 dispersion
correction, in conjunction with the 6-31++G** basis set34−39

for all atoms except the ions and the LANL2DZ40−42 basis set,
which has an effective core potential, for the ions. These
geometry optimizations were performed in the gas phase. After
these DFT geometry optimizations, the total number of
distinct configurations was reduced to 225 due to some
redundancies. The number of distinct configurations for each
ion varied from 43 for Li+ to 1 for Ba2+. For each ion, harmonic
vibrational frequencies were computed for the three lowest-
energy optimized structures in the gas phase. Additionally, for
each ion, we reoptimized those three structures and calculated
the harmonic vibrational frequencies with implicit solvent
using the conductor-like polarizable continuum model (C-
PCM)43−45 with a dielectric constant of 64.9 for propylene
carbonate, including the nonelectrostatic contributions of
dispersion, repulsion, and cavitation energies.43,44 The solution
phase calculations did not include the counterions. For Ba2+,
Be2+, and Ca2+, fewer than three distinct optimized structures
were found within 1 kcal/mol of the minimum energy
structure in the gas phase, so only one (for Ba2+) or two
(for Be2+ and Ca2+) structures were analyzed in this manner.
The vibrational frequencies for the ion-free structure were
obtained by removing the ion from the lowest-energy Li+

structure, optimizing the geometry, and performing a harmonic

Figure 1. Synthesized crown ethers with benzonitrile vibrational probe. (a) benzo-15-crown-5-CN (B-15C5-CN). (b) benzo-18-crown-6-CN. (c)
Cartoon of expected blue-shift of CN frequency after capturing a metal ion (Mn+).
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vibrational frequency analysis. All of these DFT calculations
were performed with the Gaussian16 software package.46

We used 16 cations of charges 1+, 2+, and 3+ in this study.
For simplicity, first it is useful to only plot the cations that
produced the largest shifts for their charge. The IR spectra in
the nitrile range of the two crown ethers bearing these cations
are shown in Figure 2a,b. The figures show that the frequencies
of the ion-free crown ethers for the small and large crowns are
nearly identical (2225 cm−1). As cations are inserted in the
crowns, the CN frequency blue shifts as expected for a field
emanating from the cation. The ratio of metal ion to crown
ether was 1:1 in all of these measurements, except for Sc3+,
where a higher ratio of 2:1 was used due to the smaller affinity
of Sc3+ for the crown ether. Even at this ratio, only partial
occupancy was achieved, as evidenced by the two peaks in the
spectrum (Figure 2a).
The frequency shifts relative to free crown ether are

summarized in Figure 2c, which shows that more highly
charged ions produce larger shifts in both crowns. However,
the frequency shift is more sensitive to charge for the smaller
crown. Although the field from the cation is expected to be
inhomogeneous across the body of the benzonitrile probe, it is

still useful to estimate the approximate or effective value of this
field from the known Stark tuning rate of the benzonitrile
molecule (∼3.6 cm−1/V/nm).47 The right vertical axis in
Figure 2c shows this effective field change felt by the nitrile,
which varies from ∼0.5−3 V/nm.
We also observed IR peaks that were blue-shifted by a very

large amount (40−50 cm−1) for some of the cations (e.g.,
Zn2+, Cu2+, and Y3+). These spectra are shown in the SI Figure
S5 and do not arise from the Stark effect of the cation, but
rather from direct Lewis coordination of the nitrile lone pair
with the cations, as reported previously.48 Similar effects have
been observed for acetonitrile in previous work.49 Such peaks
also arise when the cations are placed in pure benzonitrile.
Since these peaks do not arise from the electrostatic influence
of the captured ions, they are not the subject of this study.
The data for all of the studied cations is shown in Figure 3,

which exhibits a range in the frequency shift induced by cations
of the same charge. For the smaller crown ether (Figure 3a),
the shift produced by Li+ is larger than that of K+, even though
they both have the same charge. Similarly, a range of shifts is
observed for the doubly charged cations. For the triply charged
cations complexed in the smaller crown ether, most of them

Figure 2. (a) IR absorption spectra of cation-complexed benzo-15-crown-5-CN and (b) benzo-18-crown-6-CN in propylene carbonate for the ions
indicated. (c) Maximum CN frequency shifts obtained for benzo-15-crown-5-CN (blue circles) and benzo-18-crown-6-CN (red squares) among
the cations studied for each charge.

Figure 3. CN frequency shift in propylene carbonate versus charge of cation complexed with (a) benzo-15-crown-5-CN (small crown) or (b)
benzo-18-crown-6-CN (big crown). Significant differences in frequencies are observed for cations of the same charge.
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induce either a small shift or no shift at all, with the exception
of Sc3+. The larger crown ether exhibits a range of frequency
shifts as well, with the triply charged cations behaving more
similarly to the doubly charged cations. As discussed below,
the frequency shift in the absence of solvent is much greater
than these variations. Understanding the details of these
smaller differences in the nitrile vibrational frequency for ions
with the same charge in the complex solvent and counterion
environment is beyond the scope of this work.
The results presented above strongly suggest that a number

of factors, including complexation geometries, solvent effects,
and counterions, affect the electric field experienced by the
probe. In the liquid phase, it is impossible to cleanly isolate
these effects. Therefore, we turned to low temperature gas
phase ion spectroscopy, which allows us to isolate the
spectrum of a crown-ion complex without the involvement
of solvent and counterions. This approach is a powerful tool
for discerning the inherent field produced by the ion, and in
conjunction with the liquid phase data can reveal the net
influence of solvent and counterion screening.
Representative gas phase spectra in the CN stretch region

for the small crown complexes with 2+ ions (Mg2+, Zn2+, Ca2+,
Ba2+) are shown in Figure 4b. The corresponding CH stretch
spectra for these 2+ ions are shown in Figure 4a. Even though
all these ions carry the same charge, there are distinct
variations in the CH stretch frequencies. There are five peaks
in the aliphatic CH stretch region, as distinctly observed for
the Ca2+ complex. The frequencies of these peaks vary
significantly for the other complexes (see SI), indicating that
their coordination geometries to the crown are different.
However, interestingly, the nitrile frequencies for all of these
complexes are nearly identical (2253 cm−1) and largely blue-
shifted (∼+24 cm−1) compared to the liquid phase values
(Figure 4b).

The CN stretch was too weak to be observed for the 1+ ion
complexes. We could observe the gas phase spectrum of one
3+ ion (Eu3+), which had a complex structure indicating
several coordination geometries, including direct coordination
of the ion with the nitrile probe. Since these peaks do not
uniquely report on the electrostatic effects, which is the focus
of this work, we did not perform further analysis.
To further elucidate the CN frequencies in the gas phase and

in the liquid phase, we analyzed the CN frequencies for the
smaller crown ether computed with DFT. For each cation, we
computed the average of the nitrile vibrational frequencies for
the three lowest-energy optimized geometries, with the
exceptions discussed above. These results are shown in Figure
5, and the calculated frequencies are given in Tables S1 and S2.
The average difference between the CN vibrational frequency
in solvent versus gas phase across all ions is 22 cm−1. The
optimized geometries of the crown ethers vary widely, even
with the same ions complexed in the crown, mainly because
the ethyl groups that comprise the crown are very flexible.
Nevertheless, the nitrile vibrational frequency for a given
cation rarely changes by more than 1 cm−1 for the three
lowest-energy geometries. This observation can be partially
explained by the consistent geometric relationship between the
ion and the nitrile group for the three lowest-energy
geometries with the same ion. The distance from the midpoint
of the nitrile bond to the ion varies with ion identity, from 7.0
Å for Be2+ to 8.2 Å for Rb+. The angle defined by the ion,
nitrile carbon, and nitrile nitrogen (XCN angle) is ∼160° with
a range between 150° and 162°. The lowest-energy structure
for each ion is shown in Figure 6. Note that our
conformational search was not exhaustive, and other low
energy structures are possible. The most important finding
from these DFT calculations is that the nitrile frequency is
significantly different when the molecule is in the liquid phase

Figure 4. (a) CH stretching frequencies in gas phase experiment for M2+ complexes with benzo-15-crown-5-CN (smaller crown) indicating
different coordination geometries and (b) CN stretching frequencies for M2+ complexes with benzo-15-crown-5-CN (smaller crown) in liquid
phase (top) and in gas phase (bottom).
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versus the gas phase. The calculated changes in the electron
density upon solvation, as well as the changes in the occupancy
of the nitrile bonding and antibonding orbitals computed using
a natural bond orbital analysis,50−55 indicate that solvation
increases the electron density on the nitrile (Figure S8 and
Table S4). Moreover, the additional electron density on the
nitrile for the ion free and +1 and +2 cationic systems
preferentially occupies the antibonding orbital, thereby
weakening the CN bond and decreasing the frequency.
These effects are presumably due to the mutual polarization
of the molecule and solvent but are quite subtle and may
depend on the level of theory.
From the combination of experimental and computational

work, we draw the following conclusions. First, both the
experimental spectra in Figure 4b and the computational data
in Figure 5 show a large shift between the gas phase and the

liquid phase frequencies for the 2+ cations. The computational
data exhibit a shift of approximately 22 cm−1 between the
average value of the liquid phase and gas phase frequencies,
which is in reasonable agreement with the 24 cm−1 observed
experimentally (Figure 4). Note that for the computed
frequencies, even in the absence of ions, a significant shift of
16 cm−1 exists between the gas phase and liquid phase values.
Therefore, a significant contribution to the 22 cm−1 shift for
the 2+ cations arises from the solvation of the crown and the
nitrile even if the ion is not present. The solvent screens the
charge of the cation, which also partially contributes to the 22
cm−1 difference between the gas phase and liquid phase values.
However, we caution that the two solvent effects on frequency,
namely those arising from solvation of the molecule and from
screening of the ion, may not be viewed as additive. In our
work, when comparing the gas and liquid phase frequencies for
the 2+ ion bearing crowns, the solvent acts on both the
molecule and the ion at the same time, and therefore a precise
dissection of the various contributions is not possible.
Next, we compare the observed frequency shifts with the

expectations from a simple electrostatic view of fields in a
continuum medium. The magnitude of an electric field at a
distance r from a charge q in a medium of dielectric constant ϵr

is E = q/(4πϵ0ϵrr
2). For benzonitrile, the field can be related to

the frequency shift within the linear Stark shift approximation
as υ = υ 0+ΔμE , where the Stark tuning rate

( )3.6 cm /1
V

nm
for benzonitrile.47 Therefore, setting υ0

as the frequency in the absence of ions, the frequency υ is
expected to change linearly as q increases with a slope
determined by the distance r and dielectric constant ϵr. The
dashed lines in Figure 5 represent the expected change in
frequency based on this model for the probe at two
representative distances of r = 0.5 nm and r = 0.8 nm from
the cation. The two blue dotted lines for the gas phase (ϵr = 1)
bracket the computational data reasonably well. The deviation
of the last data points for 3+ cations may be attributable to the
departure of the Stark response from linearity at large field
values.47 The slopes of the red dashed lines for the liquid phase
are naturally smaller than those of the gas phase by a factor of
ϵr = 64.9 and imply that in the liquid phase, screening is so
strong that the presence of the cation, as well as changing its
charge, should not change the frequency appreciably. However,
both the computational data in Figure 5 and the experimental
data in Figure 3 show that the frequencies do have significant
shifts upon addition of cations and changing the cation charge.
Therefore, the simple model of the field and dielectric
screening as noted above is inadequate to describe the field-
induced frequency changes in the liquid phase. Interestingly,
the frequency shift as a function of cation charge is present
both in the experiments with real solvents and in computations
with a dielectric continuum solvent. This implies that the net
influence of the charge on the probe in the liquid phase is
significant but not sensitive to the molecular structure of the
solvent or the counterions. The likely origin of this effect is
that the geometry of the ion relative to the plane of the
benzonitrile is such that the cation directly influences the
benzonitrile probe without intervening solvent (Figure 6), and
screening by the solvent above and below the plane is relatively
small.
An important consequence of this observation for engineer-

ing fields on the molecular level is that even in high dielectric
media, the field values near charged ions and at molecular

Figure 5. Computed CN vibrational frequency shift for different
cations complexed to benzo-15-crown-5-CN (smaller crown) in the
gas phase (blue) and in the liquid phase (red). Each data point
corresponds to a different cation and is averaged over up to three
different optimized geometries. Note that some data points are not
visible because of overlap. The charges of the cations computed with
the natural bond orbital analysis are provided in Table S3. The dashed
lines represent the frequency change based on a linear Stark shift and
a simple electrostatic view of fields (blue ϵr = 1, red ϵr = 64.9). For
each case, two lines are drawn for electric fields due to a cation at a
distance of 0.5 nm (top, higher slope) or 0.8 nm (bottom, smaller
slope) from the probe. The red lines have very shallow slopes because
of the large dielectric screening, revealing clear deviation of the data
from the simple screened model of the field.

Figure 6. Calculated minimum energy geometries for the small crown
ether with each ion bound. Atoms are brown for carbon, light blue for
nitrogen, red for oxygen, and white for hydrogen. The colorful central
atom in each structure is the metal ion.
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length scales can be much higher than implied by the dielectric
constant. One may be tempted to interpret the observed shifts
as if the medium effectively has a reduced dielectric constant.
Given the spread in the data, and the nuances of the screening
on the molecular scale, we caution that such a view may be
oversimplified. Further, the field is inhomogeneous around the
ion, and the Stark response may also deviate from linearity at
large values. Coordination of the solvent to the ion and
dielectric saturation very close to the ion may not be captured
by a continuum model. We have examined a few explicit
solvent interactions with the crown (see SI). Full exploration
of the solvent geometries is beyond the scope of this work.
In summary, we have addressed the electrostatics of a

complex and chemically relevant environment with a multi-
pronged approach that combines results from liquid phase and
gas phase both experimentally and computationally. Our novel
concept of tethering a Stark probe near an ion captured in a
crown ether and synthesis of molecules with two different
cavity sizes enabled us to examine a large number of ions in
those cavities. This way of measuring electric fields from a
single ion in a chemically relevant environment with a well-
defined probe has not been attempted before. The crown
motifs have been used in organometallic complexes for
controlling the reactivity of nearby catalytic centers.19,20 Our
work can therefore help guide the design principles for such
motifs since we have quantified the otherwise hard to measure
local electric field and solvent screening on the molecular scale.
Below we outline three most important outcomes of our

work that are relevant for using oriented fields in catalysis. The
first outcome is that even in the liquid phase and in the
presence of a high dielectric solvent, the ions within the crown
can induce a vibrational Stark effect, and thereby can polarize
an appropriately positioned molecule. From a simple electro-
static view, a high dielectric constant solvent such as propylene
carbonate, with ϵr = 64.9, should attenuate the field from the
ion by a large amount relative to vacuum, rendering it
effectively unusable. However, our experimental and computa-
tional data show that the Stark probe responds to the presence
of the cation and changes of its charge both in vacuum and in
the liquid phase. Therefore, using a simple electrostatic model
to estimate the screening of the charge within a crown complex
is not appropriate. The reason may lie in the geometry of the
ion relative to the Stark probe, which does not allow
intervening solvent between the probe and the ion.
The second outcome of the work is revealing the full range

of tunability of fields that can be afforded by the choice of 1+,
2+, and 3+ ions in the liquid phase. We report that the
observed range of frequency shifts in the liquid phase (∼1−12
cm−1) is only somewhat larger than the response of
benzonitrile in a dielectric series of solvents (∼7 cm−1)
mentioned above.25,56 This does not take away from the utility
of the crown concept in controlling the local electrostatics in
the liquid phase. Even though many of the ions induce a field
that is comparable to the solvation field of a high-dielectric
solvent, it should be borne in mind that the field from the ion
is directional and controllable. A solvent field, on the other
hand, is created by the overall structure of the solvent, which is
often difficult to precisely control and direct. An ion in a crown
ether, even if it exerts a field of similar magnitude to that of a
solvent cavity, can do so in a directional way. Furthermore,
independent of the rest of the system, the crown concept
allows a palette of choices for ions for tuning the field required
for desired applications.

The third unexpected outcome of the work is that in the
liquid phase we observed variations in the frequency of the
probe even for ions of the same charge. In contrast, in the gas
phase there is no discernible variation in the probe frequency
for ions of the same charge. Interestingly, our computational
results in a continuum dielectric also reveals a larger range of
variation compared to the computations in the vacuum for 2+
ions. This observation shows that precise control of local
electric fields in the condensed phase is not merely a matter of
placing a charge at a specific distance. The solvent, and
surprisingly even when the solvent is treated in the
computations as a dielectric continuum, results in significant
variations in the induced field. Such variations may be
correlated with changes in the geometries of ion coordination
that are also revealed by our computations.
Finally, controlling electrostatics with ions, and in particular

ions captured in crown ethers, is gaining popularity in catalysis.
Our paper quantifies the values of fields, explores the limits,
and highlights the complexities that need to be addressed when
engineering directed electric fields in the liquid phase. Motifs
with multiple well-placed ions for more detailed control of the
electrostatics of a reactive center are at the frontiers of
research. Exploring chemical reactivity in such electrostatically
engineered environments, while maintaining optimal transport
and sterics of the reactive center, is a major challenge for
contemporary efforts in catalyst design.
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