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Abstract 

Herein, vibrational Stark shifts were explored in aqueous solutions of organic molecules with 

carbonyl and nitrile-containing constituents. In many cases, the vibrational resonances from these 

moieties shifted toward lower frequency as salt was introduced into solution. This is in contrast to 

the blue shift that would be expected based upon Onsager’s reaction field theory. Salts containing 

well-hydrated cations like Mg2+ or Li+ led to the most pronounced Stark shift for the carbonyl 

group, while poorly-hydrated cations like Cs+ had the greatest impact on nitriles. Moreover, salts 

containing I- gave rise to larger Stark shifts than those containing Cl-. Molecular dynamics 

simulations indicated that cations and anions both accumulate around the probe in an ion- and 

probe-dependent manner. An electric field was generated by the ion pair, which pointed from the 

cation to the anion through the vibrational chromophore. This resulted from solvent-shared binding 

of the ions to the probes, consistent with their positions in the Hofmeister series. The ‘anti-

Onsager’ Stark shifts occur in both vibrational spectroscopy as well as fluorescence measurements.  
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Introduction 

The local response of a dielectric solvent to the presence of a polar solute is described by Onsager’s 

reaction field theory.1 In this model, the dipole moment gives rise to polarization in the surrounding 

solvent that creates a local electric field aligned parallel to the dipole. Onsager’s theory is a 

continuum model, which relates the field to the solvent polarity (Equation 1).2  

Fሬ⃗ ୰୶୬ ൌ
ஜሬሬ⃗

ସ஠கబୟయ
ଶሺக౨ିଵሻሺ୬మାଶሻ

ଷሺ୬మାଶக౨ሻ
  (Eq. 1) 

Fሬ⃗ ୰୶୬ is the solvent reaction field, μሬ⃗  is the dipole moment of the solute, ε୰ is the relative static 

permittivity of the solvent (ε୰ = 78.54 for pure water at 25 oC), n is the refractive index of the 

solute, and a is the radius of the cavity occupied by the solute. The local reaction field couples 

back to the solute, which gives rise to a Stark shift in the optical and vibrational spectra of polar 

chromophores.3-6 As such, modulating the solvent’s polarity can lead to pronounced changes in 

the color of visible dyes through an effect known as optical solvatochromism.7-11 Moreover, 

vibrational solvatochromism has been observed in molecular probes with C=O and C≡N    

bonds.12-36 This Stark shift has been exploited to estimate electric fields in catalysis.37-41 

The use of molecular probes to measure local electric fields relies on preserving the bond force 

constant of the probe when the environment is changed.37-41 Indeed, a vibrational Stark shift is a 

dipole-field coupling phenomenon whereby the field interacts more strongly with the excited state 

than the ground state of an anharmonic oscillator due to the increase in the bond dipole.33 This 

results in greater stabilization of the excited state, and the frequency is expected to red shift with 

increasing solvent polarity. However, a change in anharmonicity of the probe can occur if the 

molecule participates in hydrogen bonding.36,42,43 For example, charge transfer from a lone pair on 

carbonyls or nitriles into anti-bonding orbitals on first shell water molecules can modify the force 

constant of the stretching modes.44 This complicates measurements of electric fields in water. 

Another potential complication involves the effects of through-space electric fields from ions in 

aqueous electrolytes. To date only limited work has been performed to understand Stark shifts in 

the presence of salts. 

Herein, we explore the reaction field of aqueous salt solutions by vibrational, two-dimensional 

infrared (2DIR) and florescence spectroscopies, as well as by molecular dynamics (MD) 
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simulations. A red shift in the vibrational resonance of hydrated C=O and C≡N moieties was 

typically observed as a function of salt concentration between neat water and saturation conditions. 

This observation is at odds with Onsager’s model because the bulk dielectric constant of liquid 

water decreases upon the addition of salt. As such, the field given by equation 1 is weakened and 

a blue shift should be expected instead (Figure 1A). Such ‘anti-Onsager’ solvatochromism has 

previously been observed in salt solutions, although a molecular-level understanding of the local 

field remains elusive.45,46 Onsager’s model is consistent with a molecular-level picture of how a 

molecular dipole, like a carbonyl group, would be expected to align water molecules to create a 

local field (Figure 1B). Of course, the alignment of the solvent will be disrupted by the introduction 

of ions, which would nominally lead to a blue shift in the vibrational resonance (Figure 1C). The 

local field, however, is also dependent on the positioning of the ions, which can result in a red shift 

instead (Figure 1D). As demonstrated herein, the ion effect depicted in Figure 1D is often dominant 

and is dependent on specific ion interactions with the chromophore. As such, the observed shifts 

follow a Hofmeister series that depends on the specific functional groups on the probe. 
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Figure 1. (A) Schematic illustration of the effect of salt on the C=O stretch mode from acetone. (B) The 
dipole moment of acetone orders water around it to give rise to a local field. The black arrow depicts the 
initial field present for the black colored peak in (A) before salt is introduced. (C) The addition of salt gives 
rise to the formation of ionic hydration shells. Such water molecules are less available to be aligned by 
acetone than in pure water. This might be expected to result in a weakening of the field from water dipoles. 
The blue colored arrow corresponds to the field expected for the blue shifted peak in (A). (D) Water-
mediated interactions between the probe and the ions result in a net field which points from the cation to 
the anion. The field in this case is larger than in (B), as opposed to the field in (C), which is smaller than in 
(B). 
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Materials and Methods 

Sample Preparation and Material Use. All samples were freshly prepared before use. The 

concentration of all carbonyl or nitrile probes was 0.1 M unless stated otherwise. All carbonyl 

compounds and accompanying salts were dissolved in D2O in order to avoid overlap between the 

H2O bending mode and the carbonyl or amide I resonances. Reference solutions for linear IR 

measurements were prepared by adding salt to D2O. Acetonitrile and accompanying salts were 

dissolved in H2O to avoid overlap between the D2O stretch and C≡N resonances. PRODAN was 

added to solution at a concentration of ~ 1 µM. 

All materials were used as received. D2O solvent (99.8% D atom) was purchased from Sigma-

Aldrich (St. Louis, MO). All salts used for FTIR and Raman measurements were purchased from 

Sigma-Aldrich (St. Louis, MO). H2O (18.2 MΩ∙cm) was produced with a Barnstead Nanopure 

Water System (Thermo Fischer). 

 

ATR-FTIR Collection. All linear IR spectra presented here were collected on a Nicolet Fourier 

transform (FT) IR spectrometer (Thermo Fischer Scientific, Billerica, MA) equipped with an 

attenuated total internal reflection (ATR) stage as described elsewhere.47 The intrinsic resolution 

of the detector was 2 cm-1. Each spectrum was averaged over 64 scans. Blackman-Harris and ATR 

corrections were performed. The ATR window was blanked to pure D2O for experiments 

conducted at 0 M salt. A solution containing 0.1 M of the carbonyl-containing compound was then 

placed on the ATR window. For spectra of C=O vibrations in the presence of salt, the window was 

blanked to the corresponding D2O salt solution.  

 

Raman Collection. Raman spectroscopy was used to measure samples containing acetonitrile. 

This was done because the nitrile stretch was highly Raman active, but the signal was weak in the 

IR. As such, in order to get sufficient signal from samples containing 0.1 M acetonitrile, Raman 

was employed instead of IR. However, additional control experiments with 0.5 M acetonitrile 

samples were performed by IR spectroscopy in order to check the Raman findings (see Supporting 

Information for details). In fact, all conclusions from the Raman spectra were found to be the same 

in the IR. The Raman spectra were collected on a home-built spectrometer described previously.48 
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In brief, an ArKr ion laser (Spectra Physics) was used to generate an excitation source at 514.5 

nm. The laser power used to illuminate the sample was ~ 50 mW. The signal was sent to a 

spectrometer (Isoplane-SCT320; Princeton Instruments, Trenton, NJ) that spread the light onto a 

grating (1600 g/cm) before detection by a liquid nitrogen cooled 100 x 1340 CCD array camera 

(Pylon-100BR; Princeton Instruments, Trenton, NJ). The signal was binned every 0.5 cm-1. 

Subpixel drifts were corrected with emission lines from a helium lamp employed as an internal 

reference.  

 

2DIR Collection. All 2DIR spectra were collected on a home built 2DIR spectrometer as described 

previously.49 Briefly, broadband mid-IR pulses are generated from an Astrella Laser System 

(Coherent) outputting 3.5 mJ, 30 fs, 800 nm pulses at a repetition rate of 1 kHz. The beam is then 

directed to a TOPAS prime OPA (Light Conversion) and downconverted in a AgGaS2 based DFG. 

Pulses are then shaped using an AOM (PhaseTech Spectroscopy) generating the mid-IR pulses 

required for the 2D experiment. The waiting time between the pump and probe pulses was fixed 

at 0 fs for all reported spectra. The probe beam is recollimated after the sample and redirected 

along with the reference beam to a home-build monochromator then imaged onto a 128 x 128 mid-

IR MCT array camera (Catalina, Teledyne). 

Samples were prepared under dry air and sandwiched between two CaF2 windows. The laser table 

was purged under dry air to avoid interference with atmospheric water.  

 

Molecular Dynamics (MD) Simulations. Molecular dynamics (MD) Simulations were 

performed under ambient conditions using the large-scale atomic/molecular massively parallel 

simulator (LAMMPS).50 The simulation box consisted of 1000 D2O molecules modeled using the 

SPC/E force field and two acetone solute molecules modeled with the general Amber force field 

(GAFF) with 72 calcium ions and 144 chloride ions added to represent a 4 M CaCl2 aqueous 

solution. The electronic continuum correction with ionic size refinement (ECCR2) force field was 

used to model the ions.51  

After preparing the simulation box, equilibration began with 5,000 minimization steps followed 

by a 5 ns simulation in the NPT ensemble at 300 K and 1 atm using the Nose-Hoover thermostat. 
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The simulation box was isotropically rescaled using the last 4 ns of the NPT simulation to fix the 

size of the box consistent with 1 atm. Upon rescaling, the box was further equilibrated for 10 ns in 

the NVT ensemble and finally 1 ns in the NVE ensemble. The final simulations were run for 40 

ns in the NVE ensemble with a 2-fs time step. 

 

Cylindrical Distribution Functions. The full MD trajectories were analyzed using cylindrical 

distribution functions (CDFs).52 Similar to radial distribution functions, CDFs take a cylindrical 

slice centered around the atoms or bonds of interest, adding an additional dimension, and providing 

a more complete spatial representation. In this work, the CDFs are defined as g(r, z) centered 

around the carbonyl bond, where the molecule is oriented along the z-axis and r is the 

perpendicular distance to the z-axis. 
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Results 

Vibrational Solvatochromism of Acetone. In a first set of experiments, attenuated total internal 

reflection Fourier transform IR (ATR-FTIR) absorption spectra of the C=O stretch mode of 

acetone were collected in a series of solvents (Figure 2A), as well as in aqueous MgCl2 solutions 

ranging in concentration from 0 to 4 M (Figure 2B). The vibrational frequencies and the 

corresponding solvent ε୰ values are provided in Table 1. 

 

 

Figure 2. ATR-FTIR absorption spectra of the carbonyl stretch from acetone (A) in pure solvents and (B) 
in salt solutions. The acetone concentration was 0.1 M in each case. Both spectral series are color coded 
from large ε୰ (red; D2O) to low ε୰ (violet; hexane or 4 M MgCl2). All measurements were made at 25 oC. 

 

Solvent Dielectric Constant (𝛆𝐫)35,53,54 Vibrational Frequency (cm-1) 
Hexane 1.89 1722 
Toluene 2.3 1716 

Chloroform 4.71 1710 
Acetonitrile 37.5 1713 

DMSO 46.84 1709 
Water (D2O) 78.54 1697 

1 M MgCl2 (aq) 57.1 1695 
2 M MgCl2 (aq) 49.0 1693 
3 M MgCl2 (aq) 44.3 1692 
4 M MgCl2 (aq) 42.0 1690 
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Table1. Vibrational Stark shifts from the carbonyl stretch of acetone. Both the solvent dielectric constant 
and the vibrational frequency of acetone are provided for each spectrum in Figure 2. A plot of the acetone 
resonance frequency values shown in this table against the Onsager model (Eq. 1) is provided in Figure S1.   

In the gas phase, ε୰ = 1.00, the carbonyl stretch of acetone is at 1731 cm-1. The peak red shifts to 

1722 cm-1 when dissolved in hexane (ε୰ = 1.89). Moreover, as can be seen in Figure 2A, it 

continuously red-shifts as the dielectric constant of the solvent increases, reaching a value of 1697 

cm-1 in neat water where ε୰ = 78.54. These red shifts represent a classical vibrational Stark effect. 

Once in water, however, lowering the bulk dielectric constant by introducing MgCl2 to the solution 

led to a further decrease in the carbonyl stretch frequency. At 4 M MgCl2, the frequency fell to 

1690 cm-1. This result is curious because the bulk dielectric constant of 4 M MgCl2 (ε୰ = 42) is 

lower than DMSO (ε୰ = 46.84). The origin of this salt-induced red shift is explored below. 

The continuous shift in the C=O spectrum as a function of salt concentration is reminiscent of a 

Stark shift. However, it is also possible that the C=O bond is weakened by changes in the hydrogen 

bonding between acetone and water caused by the ions. To distinguish between these two 

possibilities, the anharmonicity of the carbonyl resonance was measured with 2DIR spectroscopy 

(Figure 3).55 Each vibrational mode in a 2DIR spectrum appears as a pair of peaks along the probe 

axis. The red peak corresponds to the ground state bleach and stimulated emission (0-1 transition), 

while the blue peak corresponds to the excited state absorption (1-2 transition) of the C=O bond. 

In the absence of salt, the center frequency of the 0-1 transition is 1690.0 cm-1, while that of the 1-

2 transition is 1673.8 cm-1 (Figures 3A & 3C) Thus, the anharmonic shift is 16.2 ± 0.4 cm-1. Both 

resonances red shift upon adding 4 M MgCl2 to the solution (Figures 3B & 3D). Nevertheless, the 

anharmonic shift remains essentially unchanged at 16.0 ± 0.1 cm-1. This suggests that the ion-

induced red shift arises from a vibrational Stark effect as opposed to a modification in the probe 

force constant by analogy with previous work in pure solvents.55 This Stark shift, however, goes 

in the opposite direction of what would be predicted by Onsager’s model.  
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Figure 3. 2DIR spectra of acetone in (A) D2O and (B) 4 M MgCl2 in D2O. Horizontal slices represented by 
the dotted lines in panels A and B demarcate the center frequency of the 0-1 transition on the pump axis. 
These slices were taken at a pump frequency of 1690 cm-1 in D2O and 1685 cm-1 in 4 M MgCl2. On the 
other hand, the slanted dashed lines in A and B are diagonal slices from the 2D spectra where the pump and 
probe frequencies match one another. The horizontal slices from A and B are shown in (C) and (D), 
respectively, using a solid black curve which can be fit using two Voigt functions. The peak frequencies 
extracted from the fits in C and D are for the 0-1 transition (dashed red curves) and the 1-2 transitions 
(dashed blue curves). The overall fit to the two peaks is shown in green. 

 

Water-Mediated Interactions between Cations and Vibrational Probes. The experiments 

presented above suggest that the carbonyl resonance from acetone is red-shifted by an electrostatic 

contribution from ions. Previous studies have, however, shown that the introduction of certain 

cations can lead to a new resonance that shows up as a blue shoulder approximately 20 – 25 cm-1 

above the frequency of the main carbonyl resonance (i.e., in the case of amides).47,49,56 This 
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happens when the cation contact pairs with the C=O oxygen atom and dehydrates it (Figure S2).56 

As such, C=O⋯H2O hydrogen bonds are displaced.57 By contrast, the continuous Stark shift in the 

hydrated bond resonance toward lower frequencies should arise from water-separated ions that act 

via a through space electric field. In order to better understand this phenomenon, we have tested a 

library of four probes as a function of salt concentration (Figure 4). Specifically, the behavior of 

acetone, N-methylacetamide (NMA), N,N-dimethylacetamide (DMA) and acetonitrile molecules 

were explored. The y-axis corresponds to the position of the center frequency of the hydrated 

carbonyl or nitrile mode upon the introduction of seven different chloride salts. The full spectrum 

for each probe with each of the salts is provided in the Supporting Information (Figure S3). It 

should be noted that blue shoulders appear in some cases when salt is added. 
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Figure 4. Solvatochromism of carbonyl and nitrile vibrations in salt solutions. The concentration of each 
probe was 0.1 M. Data are shown for (A) acetone, (B) N-methylacetamide (C) N,N-dimethylacetamide, and 
(D) acetonitrile. The colored curves are guides to the eye. Error bars correspond to averages of triplicate 
measurements. Infrared spectroscopy was used to obtain the data for the carbonyl probes while Raman was 
used for the nitrile probes (see Supporting Information for details). Lewis structures of the individual probes 
are provided in each of the respective panels.  

 

 

As can be seen, changing the cation has a substantial and varied effect on the Stark shift. Chloride 
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frequency (Figure 4A-C) as described by the following direct Hofmeister series at low salt 

concentrations: 

Mg2+ > Ca2+ > Sr2+ > Li+ > Na+ ൎ K+ > Cs+    (Carbonyl Series) 

Curiously, a reverse Hofmeister series is observed for the C≡N stretching frequency (Figure 4D), 

which can be written as: 

 Cs+ > K+ > Ca2+ ൎ Sr2+ > Li+ > Na+ ൎ Mg2+     (Nitrile Series) 

The more pronounced red shifts in the center frequencies of carbonyls by strongly hydrated cation 

chloride salts might suggest that the density of the electric field lines from ions dissolved in bulk 

solution governs the shift. However, a nearly opposite series is observed for nitriles which speaks 

against such a mechanism. Instead, the Stark shift should be governed by the local organization of 

ions around the probes that results from their specific interactions with either the carbonyl or nitrile 

functional groups. For example, a weakly-hydrated cation like Cs+ would be expected to interact 

most readily with nitriles in accordance with hard-soft acid base (HSAB) theory.58 By contrast, 

well-hydrated cations, like Mg2+ and Li+, should interact more strongly with carbonyls. 

Significantly, this model suggests that specific ion effects govern the formation of the local 

distribution of the ions around the probe. Once the distribution is established, however, the 

resulting Stark shifts can be thought of as resulting for point charges rather than from the specific 

nature of the ions. 

The Local Electric Field. Next, the counter anion was changed from Cl- to I-. This was done in 

conjunction with well-hydrated Li+ cations in solutions containing acetone (Figure 5A) and with 

poorly-hydrated Cs+ cations in acetonitrile (Figure 5B). As can be seen, a substantially larger red 

shift was observed upon the addition of LiI to solutions containing acetone compared to when LiCl 

was present. In fact, switching the anion nearly doubled the red shift. Moreover, when CsI was 

introduced to solutions containing acetonitrile, the red shift was greater than when CsCl was added. 

These data are consistent with the notion that net salt accumulation around the probes was greater 

when I- was the anion. Indeed, I- is generally less excluded from the surface of uncharged organic 

molecules in water compared to Cl-.59,60 
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Figure 5. The influence of anions on salt-induced Stark shifts. Shifts in the vibrational frequency of (A) 
the hydrated C=O from acetone and (B) the hydrated C≡N bond from acetonitrile are shown upon replacing 
LiCl with LiI, and CsCl with CsI, respectively. The fits to the data are guides to the eye. 

 

In order to explore the accumulation of salts around the dipoles, classical MD simulations were 

performed in aqueous solutions containing acetone and 4 M CaCl2. Ca2+ was used because the long 

water exchange times associated with hydrated Mg2+ made it impractical to employ. Cylindrical 

distribution functions were constructed from trajectory snapshots of the simulations (Figure 6A). 

In this approach, the transverse axis of the cylinder (Z) was placed on the vertical axis and the 

radius of the cylinder (r) was placed on the horizontal one. The system was centered around the 

carbonyl bond, which was oriented along the Z axis. Introducing 4 M CaCl2 into these simulations 

resulted in a clear ordering of ions around the dipole of the solute. Ca2+ accumulated adjacent to 

the first hydration shell above the oxygen atom. A small fraction of Cl- ions were located there as 

well, which was likely due to the formation of CaCl+ ion pairs at 4 M. Significantly, however, the 

majority of Cl- sat underneath the dipole separated from acetone by a layer of water. This was 

clarified by plotting the normalized density of each ion (Figure S4), which revealed that most 

anions were located at negative Z positions in Figure 6A, while most cations were found at positive 

Z positions.  
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Figure 6. (A) A Cylindrical distribution function produced from MD simulations of acetone and 4 M CaCl2 
showing accumulation of Ca2+ (red), Cl- (green), and water molecules (blue) around the dipole. (B) 
Schematic illustration of the proposed mechanism that gives rise to the red-going Stark shift found with 
numerous salts. The yellow region corresponds to cation accumulation and the green region to anion 
accumulation. The electric field lines shown in red, 𝐹⃗୧୭୬ୱ, depict the net field from the accumulation of both 
ions. The mean molecular dipoles for acetone and acetonitrile are depicted in the upper and lower insets, 
respectively.   

 

The results in Figure 6A support the model shown in Figure 6B, which is consistent with Stark 

shifts to the red upon the introduction of salt. Indeed, the ‘anti-Onsager’ Stark shifts found in 

Figures 4 & 5 should arise from the double-ion bound construction that is depicted. When this ion 

structure is present around the organic species, the net local electric field from the ions, 𝐹⃗୧୭୬ୱ, 

points from the cation to the anion. Indeed, by symmetry, 𝐹⃗୧୭୬ୱ will always possess a component 

aligned parallel to the mean molecular dipole. This should result in a universal red shift as 

described by Equation 2. 

hc∆νതୱୟ୪୲ ൌ െΔ𝜇⃗ ∙ ∆𝐹⃗   (Eq. 2) 

Here, ∆νതୱୟ୪୲ represents the shift in frequency of the probe upon the addition of salt to the solution. 

Δ𝜇⃗ is the Stark tuning rate defined to be the difference in the bond dipole between the ground and 

the first excited vibrational energy levels of the C=O or C≡N bonds (see the Supporting 
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Information section). For probes like acetone and acetonitrile, Δ𝜇⃗ should be well aligned with the 

mean molecular dipole. This idea is supported by the cylindrical distribution functions shown in 

Figure S4. ∆𝐹⃗ is the change in local field upon the addition of salt to solution. The change in field 

should be correlated with 𝐹⃗୧୭୬ୱ as depicted by the ion configuration in Figure 1D (see the 

Supporting Information section). Moreover, the red shift can be directly mapped to a density of 

local field lines (Equation 2), which should increase as the concentration of double-ion bound 

dipoles increases. 

 

Discussion and Conclusions  

Herein, it was shown that the vibrational resonance of carbonyl and nitrile probes show a Stark 

shift to the red upon introduction of salt to solution. This is in contrast to the blue-shifted shoulder 

that has been previously reported for cation binding events in which the probe is dehydrated (e.g., 

Ca2+ interaction with NMA).49,56 The molecular origins of this red-shifted Stark effect are 

discussed below. 

Figure 4 reveals that interactions between cations and the probes occur in a way that is reminiscent 

of HSAB theory. This theory typically considers oxygen to be a hard ligand, while nitrogen is 

treated as relatively soft.61 As such, the interaction between Li+, a relatively hard cation, and the 

carbonyl oxygen atom is expected to be stronger than for other monovalent cations. Divalent 

cations are yet harder still and interact even better with the oxygen, which gives rise to an even 

greater red shift. Such findings are in agreement with a recent study that used acrylamide polymers. 

In that case, it was determined that well-hydrated cations locally accumulate around the amide 

oxygen from poly(N-isopropylacrylamide) in a water-mediated interaction in accordance with a 

direct Hofmeister series.62 This is indeed observed herein for acetone, NMA and DMA. Moreover, 

a reverse Hofmeister series was found in the case of acetonitrile. Reversal of the cation series 

occurred because soft cations like Cs+ interact more readily with the soft nitrogen atom than harder 

cations like Li+ or Mg2+. In fact, well-hydrated cations hardly give rise to a Stark shift in 

acetonitrile. Such a finding is consistent with nearly negligible ion binding at the positions depicted 

in Figure 1D. Moreover, nitriles are known to display more complex frequency maps than 

carbonyls due to differences in how the nitrile vibration responds to hydrogen bonding at one 
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position along the bond verses another.25 However, such complications do not likely govern the 

Stark shifts shown in Figure 4. Indeed, the reversal of the cation series in Figure 4D follows HSAB 

theory for both monovalent and divalent cation salts. 

The data in Figure 5 reveal that the anion makes a crucial contribution to the local field. 

Specifically, I- is expected to be less depleted from the positive terminus of acetone and acetonitrile 

than Cl-. Previous investigations of Hofmeister anions have found that weakly hydrated I- anions 

interact with hydrophobic moieties on polymers more readily than Cl-.63 However, even I- has been 

shown to be depleted from the first hydration shell of small organic molecules such as alcohols.64 

In the current experiments, both anions should therefore be depleted from the first hydration shell 

of the methyl groups and the results in Figure 6A are consistent with this notion. Moreover, since 

I- is less depleted, it allows a greater concentration of Li+ to be present on the other side of the 

dipole. This increase in the local concentrations of both ions gives rise to a larger red shift. As 

such, a direct Hofmeister series for anions is observed.   

The local nature of 𝐹⃗୧୭୬ୱ does not rule out the presence of a standard Onsager effect from the bulk 

solution. Indeed, one can see evidence for this in the salt concentration dependence of the Stark 

shifts shown in Figure 4. For example, LiCl causes a red shift of the NMA and DMA probe 

resonances at low salt concentrations, but this shift turns around at higher concentrations. This 

result is consistent with the idea that amide dipoles are populated with ions at low salt 

concentrations (Figure 1D) but become saturated as the concentration increases. Indeed, many of 

the probe resonances change nonlinearly at low salt concentration, but appear to saturate like a 

Langmuir isotherm as the salt concentration is increased (Figure 4A-4C). Simultaneously, the bulk 

dielectric constant of the solution continuously falls as salt is added, which should lead to a blue 

shift in the probe frequency (Figure 1C). The turnaround point with NMA lies just beyond 4 M 

LiCl (Figure 4B) and the blue shift becomes dominant at higher salt concentrations in agreement 

with the classical Onsager model. A second example of the blue-shift effect can be seen from the 

interactions of CsCl with NMA and DMA (Figure 4B & 4C). In both these cases, the cation is 

sufficiently well depleted from the amide oxygen that essentially only the blue shift is observed. 

In other words, the ions simply do not bind, and the situation reverts solely to the model depicted 

in Figure 1C. NMA and DMA are more sensitive to this effect compared to acetone (Figure 4A 
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versus Figure 4B and Figure 4C). This sensitivity difference is consistent with previous 

observations that Δ𝜇⃗ is larger for amide I resonances than it is for the C=O stretch of ketones.39 

Finally, we consider the influence of salt on optical solvatochromism. Specifically, the 

fluorescence spectrum of PRODAN has been measured in various solvents and salt solutions 

containing dilute MgCl2 (Figure S8). PRODAN is known to be very sensitive to changes in local 

polarity.65,66 When salt was introduced into solutions containing this dye, a red shift was observed 

instead of the classical blue shift. Such experiments are consistent with the idea that ‘anti-Onsager’ 

effects impact fluorescence in additional to vibrational processes.  
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