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External electric fields can dramatically alter the structure and dynamics of molecules and materials. The10

electric field response involves both the direct electrostatics and the polarization of the molecule. The polar-11

ization term is not included in non-polarizable force fields, yet it is key to correctly describing the response.12

Here, we implement static and oscillating external electric fields in the Tinker molecular dynamics software13

for use with polarizable force fields. We demonstrate the implementation through dielectric spectra of water,14

dielectric spectra of an aqueous glucose solution, and trajectory analysis of an amyloid beta protein.15

INTRODUCTION16

In molecular dynamics (MD) simulations, external17

electric fields can be applied to examine how molecular18

systems respond to controlled field perturbations. Ex-19

ternal field simulations have been used to investigate20

a wide range of phenomena, such as diffusion enhance-21

ment1, dielectric spectra calculations2, and biomolecular22

structural changes3. External field simulations offer a23

method to perturb systems and allow accurate modeling24

of systems found in nature. There exists a rich history25

of external field MD simulations that we cannot fully26

delineate here; however, we highlight a few interesting27

examples below.28

External fields are instrumental in Stark spectroscopy,29

which allows measurement of electric fields in molecules30

and is used to study enzyme catalysis4–6. When simulat-31

ing the diffusion of water through the aquaporin-4 chan-32

nel, the filter is kinetically inaccessible in the absence of a33

field7. It has been shown that field conditions can affect34

proteins in paradoxical ways, sometimes stabilizing cer-35

tain conformational states and other times denaturing36

them3. External field simulations have also been help-37

ful in probing physicochemical systems8. Specifically,38

we have previously demonstrated a method for computa-39

tional dielectric spectroscopy based on the direct appli-40

cation of an oscillating electric field.9 This method allows41

a straightforward connection between the configurational42

changes seen in solution and the dielectric response of the43

medium, a useful feature when identifying mechanisms of44

dielectric response.10 Additionally, when an applied elec-45

tric field is of large enough magnitude, the nonlinear di-46

electric effects on the simulation may also be probed9,11.47
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These applications ultimately depend on how the ex-48

ternal field energies are modeled. External electric fields49

interact with molecules through two energy terms, di-50

rect Coulomb electrostatics and shifts in the charge51

distribution, resulting in polarization energy. To im-52

prove the treatment of polarization in external field MD53

simulations and accessibility of these methods to the54

modeling community, we implemented static and oscil-55

lating external electric fields for the polarizable force56

fields AMOEBA12, AMOEBA+13, and HIPPO14 in the57

Tinker-CPU15 and Tinker-GPU16 packages. We demon-58

strate two applications of external field MD simulations:59

dielectric spectra calculations and field induced disorder60

of an amyloid protein. Our simulations capture features61

of the dielectric spectrum of water and that of aqueous62

glucose solutions, in qualitative agreement with exper-63

imental findings. For the external field amyloid simu-64

lations, our results reproduce the frequency dependent65

denaturation of the amyloid beta protein17.66

METHODS67

Electrostatic and Polarization Energy Implementation68

We incorporated the external electric field routines in69

Tinker-CPU15 and Tinker-GPU16. Here, we briefly de-70

rive the electrostatic and polarization energy arising from71

external fields. The electrostatic energy due to an exter-72

nal field is73

Uele =

∫
ρ(r)V (r) d3r, (1)74

where ρ is the charge distribution and V is the potential75

due to the electric field. We expand the potential about76

the origin of an atom at r077

V (r0 + r) = V (r0) + ri ∂iV (r0) +
1

2
rirj ∂i∂jV (r0) + · · · ,

(2)78
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and substitute it into the electrostatic energy to obtain79

Uele = V (r0)

∫
ρ d3r + ∂iV (r0)

∫
ρ ri d

3r

+
1

2
∂i∂jV (r0)

∫
ρ rirj d

3r + · · · .
(3)80

With the reference V (0) = 0, we obtain V (r0) = −r0 ·81

Eext and ∂iV (r0) = −Eext
i , where Eext is the external82

electric field. For a uniform electric field, the ∂i∂jV (r0)83

and higher order terms drop out. Replacing the charge84

distribution integrals with monopole q and dipole p, we85

obtain the electrostatic energy:86

Uele = −q(r0 ·Eext)− p ·Eext. (4)87

For the AMOEBA family of force fields, the external88

electric field contributes to the polarization energy via89

the induced dipoles. The induced dipoles are solved iter-90

atively from91

µ = α(Eperm +Eind), (5)92

where µ is the induced dipole, α is atomic polarizabil-93

ity, Eperm is the permanent electric field, and Eind is94

the electric field from induced dipoles. Both the atomic95

multipoles and external electric field contribute to the96

permanent electric field:97

Eperm = Empole +Eext. (6)98

In practice, the permanent electric field Eperm is first99

computed and the induced dipole is iteratively solved by100

Eq. 5 as described in previous work15,18.101

Dielectric Spectrum Simulation Setup102

We compare three force fields for water: AMOEBA12,103

AMOEBA+13, and HIPPO14 as parameterized in the wa-104

ter03.prm, amoebaplus.prm, and water22.prm files in the105

Tinker-CPU distribution. For each force field, we gener-106

ate an initial configuration consisting of 500 molecules107

using Packmol19.108

For water/glucose simulations, we use the parameteri-109

zation of the two anomers of glucose in Ref. 20. For the110

2 mol/L glucose solution, we used Packmol to construct111

a simulation box consisting of 9 alpha glucose, 16 beta112

glucose, and 535 water molecules. The anomers cannot113

interconvert in simulations.114

All simulations are equilibrated for 5 ns in the115

isothermal-isobaric (NPT) ensemble using the Nosé-116

Hoover thermostat and barostat21. Van der Waals in-117

teractions are smoothed to zero at a 9 Å cutoff, and118

particle mesh Ewald interactions are cut off at 7 Å. Self-119

consistent mutual polarization is included. A time step120

of 1 fs is used for all simulations.121

Thermostat testing122

To test the performance of the Bussi22 and Nosé-123

Hoover21 thermostats with an applied field, we con-124

structed five simulation boxes containing 500 water125

molecules and five simulation boxes containing 5000 wa-126

ter molecules, 90 sodium ions, and 90 chloride ions, all127

with Packmol. Each box is equilibrated with no applied128

field at 300 K and 1 atm separately using the Bussi and129

the Nosé-Hoover thermostats, otherwise using the equili-130

bration procedure above. Then, each of the five replicates131

is simulated with no field, a field of 0.001 V/Å strength,132

a field of 0.01 V/Å strength, and a field of 0.1 V/Å133

for 5 ns. At each field strength the simulation boxes are134

simulated at frequencies of 0.1 GHz, 1 GHz, 10 GHz, 100135

GHz, and 1000 GHz. Following this 5 ns simulation, each136

box is simulated for 1 time step in Tinker-CPU to obtain137

the final temperature. The arithmetic mean of the fi-138

nal temperature of 5 independent simulations is reported139

together with one standard deviation.140

Fluctuation Dissipation Theorem141

To calculate a dielectric spectrum using the Fluctua-142

tion Dissipation Theorem method, a single equilibrated143

box is simulated for 50 ns for all water simulations and144

500 ns for the water/glucose system in the NPT ensemble145

using the Nosé-Hoover thermostat and barostat. At each146

1 fs time step of the simulation, the polarization of the147

simulation box is collected in each dimension. This polar-148

ization is then used to calculated the dielectric spectrum149

as in Ref. 23.150

Direct Electric Field151

To calculate the dielectric spectrum by direct appli-152

cation of an electric field, replicates of the equilibrated153

simulation box are each subsequently equilibrated in the154

presence of an oscillating electric field of strength 0.01155

V/Å for 5 ns. For in-field simulations, we use the Bussi156

thermostat and the Monte Carlo barostat24, because the157

Monte Carlo barostat allows a virial independent pres-158

sure equilibration. Each in-field equilibrated box is then159

simulated for 100 cycles of the electric field, and we record160

the polarization at 50 points, evenly spaced in time, per161

cycle. The polarization of water and glucose are also col-162

lected separately for the dissection of the spectrum, as in163

Ref. 25. The permittivity is then calculated as in Ref. 9.164

For water spectra, simulations were performed for fre-165

quencies of 0.1 GHz, 0.2 GHz, 0.5 GHz, 1 GHz, 2 GHz, 5166

GHz, 10 GHz, 20 GHz, 50 GHz, 100 GHz, 200 GHz, 500167

GHz, and 1000 GHz. For the water/glucose spectrum,168

simulations were performed at frequencies of 0.05 GHz,169

0.08 GHz, 0.09 GHz, 0.1 GHz, 0.2 GHz, 0.3 GHz, 0.4170

GHz, 0.5 GHz, 0.8 GHz, 0.9 GHz, 1 GHz, 2 GHz, 3 GHz,171

4 GHz, 5 GHz, 8 GHz, 9 GHz, 10 GHz, 20 GHz, 30 GHz,172
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40 GHz, 50 GHz, 80 GHz, 90 GHz, 100 GHz, 200 GHz,173

300 GHz, 400 GHz, 500 GHz, 800 GHz, 900 GHz, and174

1000 GHz.175

Debye Peak Fitting176

We fit the imaginary component of the experimental177

water spectrum, the experimental water/glucose spectra,178

and the simulated water/glucose spectra to a single De-179

bye peak according to the equation:180

χ′′(f) =
∆ϵDf/fD
1 + (f/fD)2

, (7)181

where χ′′ is the imaginary component of the susceptibil-182

ity (related to the permittivity ϵ = χ+1), f is frequency,183

∆ϵD is the magnitude of the Debye peak’s contribution184

to the real component of the permittivity, and fD is the185

frequency of the Debye peak. We do not analyze the186

other peaks in the spectra.187

Amyloid Beta Simulation Setup188

From the cryo-EM structure of the amyloid beta 1–42189

fibril26 (PDB: 5OQV), a pentamer segment from one side190

of the filament was converted to AMOEBA xyz format191

to be used with the AMOEBABIO18 force field27. The192

pentamer was rotated to its inertial frame, solvated in a193

70 Å x 70 Å x 70 Å cubic water box, 15 sodium ions were194

added to neutralize the box, and the structure was min-195

imized to 2 kcal/mol/Å (where 1 kcal/mol ≈ 0.043 eV ).196

Using Tinker-GPU, the simulations were set up with the197

following settings. The equations of motion were inte-198

grated for 140 ns using a two stage RESPA integrator28199

with inner 0.25 fs and outer 2 fs time steps. The amy-200

loid protein was simulated with no electric field, a static201

0.02 V/Å field, and an oscillating 0.02 V/Å field at 0.01202

GHz, 0.1 GHz, and 1 GHz. The isothermal isobaric en-203

semble (NPT) at 298 K and 1 atm was maintained using204

a Bussi thermostat and a Monte Carlo barostat. Trajec-205

tories were analyzed with MDTraj29 and visualized with206

PyMOL30. At the end of each simulation, the tempera-207

ture was averaged over 100 MD steps using Tinker-CPU208

with the keyword “tau-temperature 10000”, setting the209

half-life for temperature equilibration to 10000 steps and210

effectively disabling thermostating during those steps.211

RESULTS AND DISCUSSION212

Polarization Energy213

Both the electrostatic and polarization energies are214

needed to describe the energetics of the system. To il-215

lustrate this point, we consider a simple system of water216

molecules in an external field of 0.02 V/Å. In this system217

TABLE I. Average final temperature of 5 simulations of water
using the Bussi thermostat set to 298 K during application of
0.1 V/Å electric field

Frequency (GHz) Time constant (ps) Final temperature (K)

0.1 0.2 298.9 ± 7.5
1.0 0.2 301.8 ± 6.4
10.0 0.2 297.0 ± 5.5
100.0 0.2 297.3 ± 2.4
1000.0 0.2 312.1 ± 4.3

1000.0 0.02 297.3 ± 3.5

of a minimized 50 Å x 50 Å x 50 Å cubic box of 4167 water218

molecules, the electrostatic energy decreases 4.6 kcal/mol219

and the polarization energy decreases by 5.3 kcal/mol for220

the AMOEBA03 force field12. Thus, the magnitudes of221

both energy components are roughly equivalent, motivat-222

ing the need for polarizable force fields.223

Thermostat for External Field Simulation224

The application of an electric field to a medium can re-225

sult in dielectric heating if the field is sufficiently strong.226

At the same time that we apply electric fields to sim-227

ulations, we are using a thermostat. This thermostat228

is meant to keep the simulation at a constant temper-229

ature. We test the performance of two common ther-230

mostats (Bussi22 and Nosé-Hoover21) for a pure water231

system and a system with a strong electrolyte (1 mol/kg232

NaCl) by comparing the temperature in several simula-233

tions with and without an applied electric field at various234

frequencies, as described above.235

We find that for relatively low field strengths (0.001236

V/Å and 0.01 V/Å), both the Bussi and Nosé-Hoover237

thermostats are able to maintain a consistent tempera-238

ture across a wide variety of frequencies (0.1 GHz to 1239

THz) when the default time constants in Tinker-GPU16
240

are used (0.2 ps for Bussi and 1 ps for Nosé-Hoover)241

for both pure water systems and strong electrolyte sys-242

tems (see Supplementary Material). However, we observe243

inconsistent heating of the simulations at elevated field244

strength (0.1 V/Å) and frequency (100 GHz and 1 THz)245

for both thermostats in both pure water (Table I) and246

electrolyte systems (see Supplementary Material). Ad-247

justing the time constants down by one order of magni-248

tude (0.02 ps for Bussi and 0.1 ps for Nosé-Hoover) is suf-249

ficient to maintain the set temperature without heating250

in a pure water system. However, the Nosé-Hoover ther-251

mostat requires additional reduction of the time constant252

down to 0.02 ps in order to maintain the set temperature253

when a high strength and high frequency field is applied254

to a strong electrolyte solution.255



4

Water Spectra256

We have determined the dielectric spectrum of wa-257

ter using the AMOEBA12, AMOEBA+13, and HIPPO14
258

force fields from both a single equilibrium simulation us-259

ing the FDT method and from simulations in which an260

electric field is applied at a particular frequency. As261

shown in Figure 1, the calculated spectra for all force262

fields, both from FDT and from the application of a263

field, have all six of the peaks observed in experimental264

spectra (obtained from Refs. 31–40. Further, the magni-265

tude and location of the Debye peak, the lowest frequency266

and highest magnitude peak in water’s spectrum, is well-267

captured with each of these force fields for both methods,268

as reported previously for the AMOEBA force field23.269

Water/Glucose Spectra270

Next, we demonstrate spectral decomposition of a271

model system, a 2 mol/L aqueous solution of glucose.272

This system is relevant for biological applications, pri-273

marily blood-glucose level monitoring for the treatment274

of diabetes. The decrease in magnitude and frequency275

of the Debye peak calculated from equilibrium and from276

in-field simulations (Fig. 2a) are in good agreement with277

one another. They are also in very good agreement with278

the experimental glucose spectra reported in Ref. 41 and279

a fit of the composite experimental water spectrum from280

Fig. 1, as shown in Fig. 2c-d. Additionally, our simu-281

lated spectra have another feature in the spectrum at282

frequencies below the Debye peak. It is unclear whether283

this feature is due to a limitation in the force field or our284

simulation, or if there is actually a feature in the experi-285

mental spectrum, given the disagreement in experimental286

spectra among those of Refs. 37,41–43, that in Ref. 44,287

and the fits of spectra reported in Ref. 45.288

We can also decompose our spectra into the individ-289

ual contributions from water and glucose, as shown in290

Figure 2b. We see that both the glucose and the water291

contribute to both the Debye peak and to the possible low292

frequency peak. Focusing on the Debye peak, in water293

this peak is generally attributed to “collective motion”294

of the hydrogen-bonding network46,47. In solutions such295

as water/alcohol mixtures, hybrid hydrogen-bonding net-296

works form48. Species in these hybrid networks respond297

at a shared frequency, as seen in the decomposed dielec-298

tric spectra of water/alcohol mixtures25. The decom-299

posed water-glucose spectrum suggests that glucose and300

water may similarly form a hybrid hydrogen-bonding net-301

work, with both water and glucose contributing to this302

spectral feature.303

Electric Field Induced Disordering of Amyloid Beta304

External electric fields have been established as thera-305

pies for conditions including glioblastoma (tumor treat-306

(a)

(b)

(c)

FIG. 1. Imaginary component of the dielectric spectrum of
water from experiments in Refs. 31–40 (gray), FDT (black),
and direct field application (red) using the (a) AMOEBA, (b)
AMOEBA+, and (c) HIPPO force fields.

ing fields)49 and Parkinson’s disease (deep brain stimula-307

tion)50. Emerging experimental51 and computational17308

studies suggest that external electric fields may also be309

used to treat Alzheimer’s disease by solubilizing amyloid310

beta 1-42, although this possibility remains at an early,311

preclinical stage. As an example of external electric field312

protein simulation, we simulated the amyloid beta pro-313

tein with no electric field, static electric field, and os-314
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(a) (b)

(c) (d)

FIG. 2. (a) Imaginary component of the dielectric spectrum of aqueous glucose from experiments in Ref. 41, FDT calculation,
and in-field simulations. (b) Component analysis of in-field spectrum. (c) Magnitude of the Debye peak’s contribution to the
real component of the permittivity ∆ϵD and (d) frequency of the Debye peak from our fit of the Debye peak in water and
water/glucose spectra. Experimental water from Refs. 31–40 (blue circle), experimental water/glucose mixtures from Ref. 41
(black squares), and simulated water/glucose mixture (red diamond).

cillating electric field and analyzed the resulting 140 ns315

trajectories for disorder as indicated by beta sheet frac-316

tion, solvent-accessible surface area (SASA), hydrogen317

bond count, and root mean square deviation (RMSD).318

Snapshots of the amyloid protein simulations with the319

electric field applied in the x-direction are shown in Fig-320

ure 3. By 140 ns, all simulations, including no electric321

field, static field, and oscillating field cases, show struc-322

tural disorder. However, the rate and extent of this disor-323

der differ markedly between the simulations. The no field324

simulation remains relatively stable until 60 ns, whereas325

the 0.02 V/Å 0.1 GHz simulation is already highly dis-326

ordered at the same time point. Although this relative327

stability can be seen from the snapshots, direct compar-328

ison across the static and oscillating field simulations is329

difficult. We therefore computed the beta sheet frac-330

tion, SASA, hydrogen bond count, and RMSD (Figure 4),331

which together provide a clearer comparison between the332

simulations.333

Based on these structural metrics, the no electric field334

simulation was the most stable, while the 0.02 V/Å 0.1335

GHz simulation showed greatest disorder. The metrics336

for the static, 0.01 GHz, and 1 GHz simulations fell be-337

tween these two cases. A similar trend was reported338

in Ref. 17, where a frequency dependent response was339

observed, with a moderate frequency producing faster340

and greater disorder than either low or high frequen-341

cies. Compared to that study, our no field simulation342

is less stable. It remains to be determined which en-343

ergy terms drive these differences between the two force344

fields, whether from valence or non-valence contributions.345

The inclusion of multipoles and polarization is an obvious346

distinction between the force fields, but a more detailed347

analysis is needed to identify the primary source of the348

difference.349

We also report fields applied along the y- and z-axes,350

shown in Supplementary Figures 1, 2, 3, and 4. These351

followed trends similar to the X axis simulations. How-352

ever, because each simulation in this study was run once,353

future work with replicates may be needed to validate354

the observations. Finally, to assess potential dielectric355

heating, we computed the temperature at the end of each356

simulation, which averaged 298.35 K (Supplementary Ta-357

ble XXI), close to the thermostat target of 298 K.358359360
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(a)

(b)

(c)

(d)

(e)

FIG. 3. Snapshots of amyloid beta 1–42 after 140 ns with external electric fields applied in the x direction. Panels show (a) no
field, (b) a static field at 0.02 V/Å, and oscillating fields at 0.02 V/Å with frequencies (c) 0.01 GHz, (d) 0.1 GHz, and (e) 1
GHz.
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(a) (b)

(c) (d)

FIG. 4. Trajectory analysis of amyloid beta 1–42 under external electric fields applied along the x direction. Panels show the
time evolution of structural metrics over the 140 ns simulations: (a) beta sheet fraction, (b) solvent-accessible surface area (Å2),
(c) number of hydrogen bonds, and (d) root mean square deviation (Å) from the initial structure. Each curve corresponds to
simulations with no field, a static 0.02 V/Å field, or oscillating 0.02 V/Å fields at 0.01, 0.1, and 1 GHz.

CONCLUSION361

In this work, we implemented the static and oscillat-362

ing external electric fields for the polarizable force fields363

AMOEBA12, AMOEBA+13, and HIPPO14 within the364

Tinker-CPU15 and Tinker-GPU16 packages. Because the365

molecular response depends on both electrostatics and366

polarization, polarizable force fields provide a physically367

consistent framework for external field simulations. We368

demonstrated two applications of external field simula-369

tions.370

First, we computed the dielectric spectra of water and371

aqueous glucose using both fluctuation dissipation and372

direct field methods. The spectra captured features also373

seen in the experimental spectrum, including a decrease374

in magnitude and in frequency of the Debye peak of wa-375

ter as well as the presence of a low-frequency feature.376

Second, we observed a field-dependent structural disor-377

der of the amyloid beta protein. The simulations re-378

produced the previously reported frequency dependent379

denaturation17, with intermediate frequencies producing380

the greatest disorder.381

Overall, these developments extend the Tinker plat-382

form to support external field simulations with advanced383

polarizable force fields and provide tools for analyzing384

molecular responses. The implementation enables future385

studies of dielectric response, spectroscopic observables,386

and biomolecular structural changes under the influence387

of an external field.388

SUPPLEMENTARY MATERIAL389

The supplementary material contains tables reporting390

the temperatures of pure water and aqueous salt under391

various field strengths, frequencies, and thermostat set-392

tings. It also includes the amyloid beta protein structure393

and disorder metrics for fields applied along the y- and394

z-axes. The input files used for the simulations in this395

study are provided in the supplementary files.396
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