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Methods:

Experimental: The concentration of MeCN was 500 mM in the Raman measurements. We collected each Raman spectrum from 
within a glass vial containing the sample, using the HORIBA XploRA micro-Raman microscope with a 532 nm excitation laser. 

The concentration of aniline in our NMR measurements was 110 mM. We used D6-DMSO in the mixtures instead of DMSO for 
the NMR measurements. All spectra were recorded with a Varian 500 MHz spectrometer.

We prepared 4-cyanobenzo thiolate (4-CBT) by using NaOMe to deprotonate 100 mM 4-mercapto benzonitrile (4-MBN). We 
collected Raman spectra of the titration samples using the same setup as mentioned before. The spectra were interpolated using 
splines and then fitted to 2 to 3 Gaussians as applicable using MATLAB.

Computational: We generated the data for training our MLIP using ab initio molecular dynamics simulations. We used the 
Quickstep module1 of the CP2K software package2 to perform the ab initio molecular dynamics simulations. To obtain a robust 
MLIP,3 we generated configurations under multiple conditions. First, we generated configurations using the revPBE functional 
with Grimme’s D3 correction for dispersion.4 Compared to similar levels of theory, revPBE has been shown to work well with 
water.5 We performed the simulations using a Gaussian plane wave basis set using the TZV2P basis and plane waves with a 
cutoff of 400 Ry. We used the Goedecker-Teter-Hutter pseudopotentials for revPBE to represent the core electrons.6 We 
optimized the orbitals using the DIIS method7 with a convergence criteria of 10-6. For DMSO-water mixtures, we ran NVT 
simulations by linearly interpolating experimentally reported densities.8 For DMSO-HFIP mixtures, we ran NVT simulations at 
densities measured by us (Table S1). Each DMSO-water AIMD simulation was run for at least 100 ps and with three replicates; 
each of the larger DMSO-HFIP AIMD simulations was run for at least 60 ps. The temperature was set to 300 K. Second, we ran 
AIMD simulations of only monomers using the same level of theory at the higher temperature of 3000 K to obtain highly 
distorted geometries. Third, we ran four simulations using the extended tight binding method 9(xTB) at the higher temperature 
of 2000 K. These were at DMSO to cosolvent ratios of 6:48 and 48:6 for both water and HFIP mixtures.

It is important for MLIPs to be trained on data computed at the same level of theory. Thus, for all three cases listed above, we 
then recomputed the forces and energies using the same schema as our first AIMD simulations except with the plane wave cutoff 
raised to 600 Ry. This approach, in which we compute the forces and energies at a higher level of theory from configurations 
generated from simulations at a lower level of theory, is an effective way to generate a diverse set of molecular configurations. 
We do not expect the configurations generated with xTB to lead to unphysical biases in our dataset because, if the configurations 
are high energy, our MLIP will learn to avoid them.

Our MLIPs were trained using the neural network potential Newtonnet10. We trained three separate models for both the 
DMSO-water and DMSO-HFIP systems. We typically obtained mean absolute force and energy errors on the order of 35 to 50 
meV/Å and 0.0005 meV per atom, respectively, on the test set. 

The simulations shown in Figure 2 were run using the MLIPs. Specifically, we used an ensemble of all three models for each 
mixture to run the MD simulations. We used 53 solvent molecules and one acetonitrile molecule in each simulation. We 
equilibrated each system for at least 50 ps before conducting a production run of 1 ns. Each system was simulated using a 

1

Supplementary Information (SI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2026



Langevin thermostat at 300 K with a time constant of 10 ps. We simulated four replicas at each solvent ratio. We used the atomic 
simulation environment11 (ASE) to run the simulations. 

To generate the spectra shown in Figures 3a and b, we dumped the velocities of the N and C atoms in the MeCN molecule every 
2 fs. To obtain a finer temporal resolution, we then used Akima interpolation12 to obtain the velocity at 1/15 fs intervals. We 
found interpolating to smaller time intervals was equivalent to dumping the velocities more frequently but resulted in significantly 
less storage. We then took the Fourier transform of the autocorrelation of the velocities. We used a 6 ps Gaussian window 
function to smooth the autocorrelation. 

We originally found a superharmonic to be an issue in all computationally produced spectra. We found that changing the mass 
of the H could alleviate the issue. Changing the mass of the H to deuterium resulted in the CH stretching mode overlapping with 
the CN region, whereas changing the mass to that of tritium alleviated the issue in all spectra while minimally affecting the CN 
stretch. See Figure S5 for a comparison. For this reason, all production simulations using the MLIPs (which include all 
computational results shown in the main text) are performed with tritiated MeCN. We note that none of the AIMD or xTB 
simulation used to generate data for training the MLIPs used tritiated MeCN, but this is not an issue because atomic masses do 
not influence the distribution of configurations sampled under classical dynamics or the forces or energies of those 
configurations. We also further validate and analyze our systems in the radial distribution functions shown in Figures S6-S8.

Hybrid functionals were not used because our AIMD simulations with DMSO and HFIP frequently exceeded 500 atoms, which is 
prohibitively slow for a hybrid functional. We note that, at our level of DFT, revPBE with the D3 dispersion correction is generally 
the recommended functional.13 Our work further supports its use considering that we could capture the trend in acetonitrile 
frequency for the systems examined here.

We used the Freud14 and Signac15 software packages to analyze the trajectories and organize data, respectively.

1. MeCN as a Hydrogen Bonding Probe:
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Figure S1: Relation between frequency shift of MeCN and  of solvent in protic solvents containing the OH functional group. 𝑝𝐾𝑎

Our results resemble previous reports.16
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Figure S2: (A) Expected frequency shift considering only dielectric effects and ignoring any ‘network’ effect. B) Shift of the CN 
stretch frequency of MeCN as a function of the mole fraction of EtOAc in DMSO-EtOAc mixtures. C) Attempted reconstruction of 
MeCN spectrum in 70% water, from the spectra in pure DMSO and pure water. All linear combinations of the spectra in pure 
DMSO and pure water fail to reproduce the spectrum of the mixture D) Peak frequency of the CN stretch of MeCN as a function 
of the mole fraction of HFIP in DMSO-HFIP mixtures

2. Analysis of MeCN Frequency Shifts in DMSO-water mixtures:

The CN stretch frequency of acetonitrile changes with the mole fraction of water ( ) as shown in figure 1B. Note that the 𝜒𝑤

dielectric constant of DMSO-water mixtures increases continuously with .(Ref 87 of main text) Therefore, a purely dielectric 𝜒𝑤

effect would result in a continuous red shift with  as indicated in Figure S3A. We verified this experimentally using an aprotic-𝜒𝑤

aprotic mixture of DMSO and EtOAc and observed a continuous linear blue shift from pure DMSO to pure EtOAc.(Figure S2). This 
implies that the continuous blue shift observed in our experiments is due to a non-dielectric effect (or specific interaction), which 
in this case, is hydrogen bonding. Also note that the linewidths were broader in the intermediate mole fractions (  = 0.7, 0.8, 𝜒𝑤

0.9) as opposed to terminal mole fractions (Figure S2), which suggests the presence of two subpopulations, namely, the hydrogen-
bonded and non-hydrogen-bonded or ‘free’ MeCN. This inference is further confirmed by the presence of two MeCN peaks in 
DMSO-HFIP mixtures (Figure 1C). Additionally, changes in the hydrogen bonding strength of water networks upon dilution with 
DMSO is expected to be reflected in the stretching frequency of the CN hydrogen bonded to that water network. To summarize, 
the peak frequency shift is a cumulative effect of the following factors: i) existence of two populations corresponding to hydrogen-

4



bonded and ‘free’ MeCN molecules ii) dielectric or solvent reaction field effect on both these populations iii) changes in hydrogen 
bonding strength with growth of the HBN (“network effect”).

Keeping all this in mind, we proceed to analyze the  dependence of frequency shifts. At  , MeCN is solvated entirely by 𝜒𝑤 𝜒𝑤 = 0

DMSO molecules, and its frequency is 2249 cm-1.  As we gradually increase the water content, some of the MeCN molecules form 
hydrogen bonds to water clusters. Eventually, it reaches a point where all the MeCN molecules are hydrogen bonded and 

continues like that till  , that is, pure water. Therefore, as we traverse  from 0 to 1, the hydrogen-bonded MeCN 𝜒𝑤 = 1 𝜒𝑤

population is initially 0 up to a certain threshold and then increases continuously until it reaches a high  where all the MeCN 𝜒𝑤

molecules are hydrogen bonded. Since hydrogen bonding causes a blue shift, an increase in the hydrogen-bonded population is 
expected to cause a blue shift of the average frequency (comprising both hydrogen-bonded and non-hydrogen-bonded 
populations). Here, one may be tempted to attribute the continuous non-linear blue shift of the peak frequency (Figure 2B) 
entirely to the growth of the hydrogen-bonded population, without invoking the “network effect” of the HBN at all. In the 
following arguments, we will demonstrate why this hypothesis is inadequate to describe the spectra of Figure 2A. First, let us 

ignore any dielectric and “network” effects. Then, the MeCN spectrum in a DMSO-water mixture of any arbitrary  should be 𝜒𝑤

expressible as a linear combination of the spectra in pure DMSO and pure water. We performed such linear combinations as an 

exercise and showed that the spectrum of  cannot be reproduced by this method. (Figure S2C) This is because the peak 𝜒𝑤 = 0.7

frequencies in pure DMSO and pure water are significantly separated (~11 cm-1), so that their linear combinations usually produce 
two peaks (Figure S2C), contrary to a single peak observed in the DMSO-water mixtures (Figure 2A). This implies that, along with 
the increase in the number of hydrogen bonded MeCN molecules, the average frequency of all the hydrogen-bonded MeCN 
molecules must also shift to depict the spectra of Figure 2A. At this stage, it remains to be confirmed whether this shift is borne 
out of the “network effect” or can be explained by mere dielectric effects. Note that, one may attempt to fit the spectra to two 
Gaussians, corresponding to the hydrogen-bonded and “free” MeCN molecules. However, this approach will be erroneous as the 
MeCN spectra even in pure DMSO and pure water are asymmetric and therefore, incorrectly represented by a Gaussian. Adding 
an arbitrary number of Gaussians would undeniably improve the fit but due to lack of proper assignment of each Gaussian to a 
subpopulation, we refrained from this approach. Instead, we estimated the proportions of hydrogen-bonded and “free” MeCN 
in the mixtures from the partitioning coefficient of MeCN between DMSO and water. (Refer to SI Section 2).

Continuing our line of reasoning, let us now include the dielectric effect and only ignore the “network effect”. The dielectric 

constant of DMSO-water mixtures continuously increases with , albeit non-linearly. (Ref) Therefore, both the “free” and 𝜒𝑤

hydrogen-bonded MeCN populations are expected to red shift with increasing . The overall  dependence of the peak 𝜒𝑤 𝜒𝑤

frequency would be as follows (FigureS2A): It would begin at 2249 cm-1 at  (pure DMSO), then slowly red shift with  up 𝜒𝑤 = 0 𝜒𝑤

until there is a detectable hydrogen-bonded population. Note that the hydrogen-bonded population is also expected to red shift 

due to increase in dielectric constant up until  (pure water), which is at 2260 cm-1. Therefore, at its onset (let us call it 𝜒𝑤 = 1

), the HB population should be blue shifted from 2260 cm-1. Furthermore, the peak-to-peak separation between the HB and 𝜒𝐻𝐵

the “free” MeCN populations at  would be larger than the separation between the pure water and pure DMSO spectra.  Their 𝜒𝐻𝐵

linear combination would result in two peaks, in accordance with the discussion of Figure S2C. The expected behavior of the peak 
frequency in the absence of the “network effect” is depicted in Figure S3, which looks nothing like the experimental data (Figure 
2B). These arguments illustrate the fact that only population exchange between HB and “free” MeCN, along with changes in 

dielectric with  are inadequate to explain the spectra of Figure 2A. In fact, these are likely minor contributors to the shift 𝜒𝑤

because the expected direction of shift (Figure S2A) is opposite to the data (Figure 1B). 

Therefore, the only possibility that remains is the “network effect”. Growth of the HBN increases the hydrogen bond donation 
strength which further blue shifts the CN stretch of the hydrogen bonded subpopulation. This results in a continuous overall blue 
shift of the CN stretch peak (Figure 1B).  

3. Analysis of MeCN Frequency Shifts in DMSO-HFIP mixtures:

The ’s of HFIP in DMSO and in water are 17.917 and 9.3, respectively. These numbers correspond to the dilute limit of HFIP in 𝑝𝐾𝑎

the corresponding solvents. Neat HFIP, which is likely to have a lower than its solution in DMSO or water, is often used to 𝑝𝐾𝑎

promote acid catalyzed reactions.18 It has been suggested that dimers and trimers are involved in many HFIP-mediated 
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reactions.19 Understanding the changes in H-bond strength and its effect on the  of HFIP upon systematic dilution with aprotic 𝑝𝐾𝑎

and protic solvents will shed more light on its catalytic activity. 

Hydrogen bonded and “free” MeCN subpopulations exist as two discernable CN stretch peaks (Figure 1C) both of which blue shift 
with increasing  (Figure 1D). Naively, the blue shift of both peaks could be attributed to the decrease in dielectric constant 𝜒𝐻

from DMSO to HFIP, without invoking any H-bond network effects. To address this issue, we performed a control experiment 
using Acetone instead of DMSO. Despite similar dielectric constants of acetone and HFIP, the H-bonded peak blue shifts 
significantly in acetone-HFIP mixtures (Figure S2 D). This confirms that the shift of the H-bonded peak is due to the growth of the 
H-bonded network and not merely a dielectric effect. 

4. Analysis of 1H NMR chemical shifts of aniline:

Figure S3: NMR titrations curves showing the ring protons of aniline when titrated against (A) Water and (B) HFIP in a D6-DMSO 
background. 

The NMR titration spectra are shown in Figure S3. The fraction of hydrogen bonded anilines, , at any mole fraction of water or 𝑓
HFIP is calculated using the following equation

𝑓 =
𝛿 ‒ 𝑎
𝑏 ‒ 𝑎

 ,

where,  is the chemical shift of the ring proton at the desired mole fraction of water or HFIP, b and a are the chemical shifts of 𝛿
the ring proton for fully H-bonded aniline and ‘free’ aniline respectively. The equilibrium for hydrogen bonding is

𝑃ℎ𝑁𝐻2 + 𝑅𝑂𝐻⟶𝑃ℎ𝑁𝐻2⋯𝐻𝑂𝑅
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𝐾𝑒𝑞 =
[𝑃ℎ𝑁𝐻2⋯𝐻𝑂𝑅]
[𝑃ℎ𝑁𝐻2][𝑅𝑂𝐻]

=
𝑐

(𝑐1 ‒ 𝑐)(𝑐2 ‒ 𝑐)
,

where, c is the concentration of H-bonded aniline, c1 is the total concentration of aniline (both H-bonded and free), and c2 is the 
total concentration of ROH (water or HFIP). We know that

𝑐
𝑐1

= 𝑓 =
𝛿 ‒ 𝑎
𝑏 ‒ 𝑎

⇒𝑐 = 𝑐1
𝛿 ‒ 𝑎
𝑏 ‒ 𝑎

Using the above expression of  we calculated the 𝑐 𝐾𝑒𝑞.

The dependence on ROH concentration implies that our reference state is 1M ROH instead of pure ROH. We choose 1M ROH 
because our ROH concentration varies across the solvent mixtures. The errors in  are calculated from the measurement errors 𝐾𝑒𝑞

in concentrations. 

The equilibrium constant for hydrogen bonding is then converted to free energy using the relation:
∆𝐺𝐻.𝐵. =‒ 𝑅𝑇𝑙𝑛𝐾𝑒𝑞

In the dilute limit, the free energy of hydrogen bonding is defined to be . However, because in our work, we explicitly scan ∆𝐺(0)

over a large range of concentrations, from dilute all the way to pure solvents, therefore, we use the notation . Note that ∆𝐺𝐻.𝐵.

 subsumes within it the excess energy due to the network effect and correspondingly the equilibrium constant . An ∆𝐺𝐻.𝐵. 𝐾𝑒𝑞

alternative common choice is to keep the free energy as , but modify the concentrations within the equilibrium constant by ∆𝐺(0)

activity coefficients. 

5. Partition Coefficients of MeCN:

We estimated the partitioning of MeCN into hydrogen bonded and “free” subpopulations in DMSO-water mixtures by measuring 
its partition coefficient between DMSO and water. Since DMSO and water are miscible, we measured the partition coefficient 
between water and hexane, and ratioed it to the partition coefficient between DMSO and hexane. For each measurement, we 
first prepared an MeCN solution (in 1 mL water or DMSO). Then, we carefully added 1mL hexane to the solution to minimize any 
mixing and left it unperturbed for 4 days. We separately pipetted out the hexane and aqueous (or DMSO) phases and collected 
their Raman spectra. We related the area under the CN stretch to the population of MeCN, converted solvent volume to number 
of moles and obtained that the partitioning from hexane to DMSO is ~ 3 times that from hexane to water for the same number 
of moles.

6. Analysis of acid-base titration:

The Raman cross-sections of the deprotonated and neutral forms of 4-MBN were independently measured under identical 
experimental conditions. The ratio of the Raman cross section of the deprotonated to the neutral form was ~1.86 which was used 
in the calculation of the equilibrium constant. For each of the spectra shown in figure 4, the concentrations of the deprotonated 

( ) and neutral 4-MBN ( ) were calculated by normalizing the area under the Gaussian fits to their respective 𝐶𝑁𝑃ℎ𝑆 ‒ 𝐶𝑁𝑃ℎ𝑆𝐻
cross-sections. The equilibrium constant was calculated as follows:

𝐶𝑁𝑃ℎ𝑆 ‒ + 𝑅𝑂𝐻⟶𝐶𝑁𝑃ℎ𝑆𝐻 + 𝑅𝑂 ‒

𝐾𝑒𝑞 =
[𝐶𝑁𝑃ℎ𝑆𝐻][𝑅𝑂 ‒ ]
[𝐶𝑁𝑃ℎ𝑆 ‒ ][𝑅𝑂𝐻]

=
𝑐2

(𝑐1 ‒ 𝑐)(𝑐2 ‒ 𝑐)
 ,
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where, c is the concentration of  or RO-, c1 is the initial concentration of , and c2 is the initial concentration of 𝐶𝑁𝑃ℎ𝑆𝐻 𝐶𝑁𝑃ℎ𝑆 ‒

ROH (HFIP). The ratio of protonated to unprotonated base,  is obtained from the Gaussian fits, which is then solved for c 

𝑐
𝑐1 ‒ 𝑐

and plugged into the above equation for  Similar to the equilibrium constant of hydrogen bonding, the for acid-base 𝐾𝑒𝑞. 𝐾𝑒𝑞

titration is also referenced to 1M HFIP. The errors in  are calculated by propagating the fitting errors.𝐾𝑒𝑞

7. Simulations:

Figure S4: H-bond strength of water. Here we further analyzed the results for water presented in Figure 2.D, F). Specifically, we 
divided the results by whether the water donating an H-bond to MeCN was also donating to another molecule (A,C) or not (B,D). 
The fractions shown in panels A and B sum to those shown in Figure 2.D. The fractions are much greater in panel A, showing that 
the water donating to MeCN is almost always donating an H-bond to another molecule. The N-H distances shown in panel C are 
very similar to those shown in Figure 2F. The N-H distances shown in panel D are also similar but have more noise due to fewer 
configurations being included in the average. In panel C we follow the main text and only show points where the MeCN spends 
over 1% of its time in that environment. Because so few configurations are measured in panel D, we show all points where MeCN 
spends over 0.5 % of its time.
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Figure S5: Tritiating MeCN in simulation. When using MeCN with H (the “Water, H” and “DMSO, H” spectra) in simulation, we 
observed a small shoulder in the spectra. We attribute this to a superharmonic vibration involving the CH stretches of the MeCN. 
The shoulder hampered the interpretability of the spectra. Substituting D for H did not solve the issue because then the CDstretch 
region overlapped with the CN stretch. Substituting T for the H eliminated the issue (the “Water, T” and “DMSO, T” spectra) 

without substantially perturbing the C-N stretch. We only do the substitution for H in MeCN; all other H are not changed.

Figure S6: Radial distribution functions (  in water/DMSO systems at different stoichiometries. (A) The    between the 𝑔(𝑟)) 𝑔(𝑟)

oxygen of water (  when the solvent is pure water. There is still one acetonitrile in the system, but the   resembles those 𝑂𝑊) 𝑔(𝑟)

reported previously.20 (B) The same   except at different solvent compositions.  (C) The    between the oxygens of DMSO 𝑔(𝑟) 𝑔(𝑟)

( .   (D) The    between the oxygen of water and those of DMSO. The rise of the first peak in    and    𝑂𝐷) 𝑔(𝑟) 𝑔𝑂𝑊𝑂𝑊
(𝑟) 𝑔𝑂𝑊𝑂𝐷

(𝑟)

with increasing DMSO concentration has been reported previously and attributed to excluded volume effects.21 
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Figure S7: Radial distribution functions (  in HFIP/DMSO systems at different stoichiometries. The larger size of these systems 𝑔(𝑟))

allowed us to use a longer cutoff in the .  (A) The   between the oxygens of HFIP (  when the solvent is pure HFIP. 𝑔(𝑟) 𝑔(𝑟) 𝑂𝐻)

There is still one acetonitrile in the system. (B) The same   except at different solvent compositions.  (C) The    between 𝑔(𝑟) 𝑔(𝑟)

the oxygen of DMSO ( .    (D) The    between the oxygen of water and those of DMSO. Unlike with water, the first peak in 𝑂𝐷) 𝑔(𝑟)

the  and   decline with increasing DMSO concentration. We attribute this to that fact that HFIP has a 
𝑔𝑂𝐻𝑂𝐻

(𝑟) 𝑔𝑂𝐻𝑂𝐷
(𝑟)

hydrophobic group and can only donate one H-bond.
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 Figure S8: Radial distribution functions between MeCN and the H-bonding species. (A) The    between the oxygen of water 𝑔(𝑟)

and the nitrogen (   of the MeCN in water/DMSO systems.  (B) The same except for the oxygen of HFIP in HFIP/DMSO systems. 𝑁)
 (C) The average coordination number (C.N.) of the oxygen of water around the nitrogen of the MeCN.   (D) The same except for 
the oxygen of HFIP.  The behavior for HFIP in panels (B,D) is straightforward, with the probability of HFIP coordinating to the N 
increasing with increasing HFIP concentration. The behavior for water in panels (A,C) is more complex. At low at water 
concentration, the MeCN is likely to interact with a single isolated water, yielding a single narrow peak at the H-bond distance. 
At higher water concentrations, it is more likely to H-bond a water network. This yields a broader peak that is slightly shifted to 
longer distances. However, as shown in Figure 3F in the main text and the C.N. plot shown in panel C, the average distance to the 
nearest water decreases with increasing concentration. 

8. Additional:

Mole Fraction DMSO Density (g/mL)

0.0 1.5325

0.05 1.417

0.1 1.4

0.15 1.4425

0.2 1.4555

0.3 1.432
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0.4 1.406

0.5 1.3565

0.6 1.3095

0.7 1.2735

0.8 1.2055

0.9 1.1445

1.0 1.1105

Table S1. Density of DMSO/HFIP Mixtures. We prepared the mixture of desired mole fraction and weighed 1 mL of it to obtain 
the density. The values shown are averaged over three measurements.
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