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Abstract

Electrical perturbation of solvent dynamics using open-ended coaxial probe
by Elias Heanue

Enzyme function is intimately related to motions in the surrounding solvent environment. 

Ethanolamine ammonia-lyase from Salmonella typhimurium exemplifies an enzyme in which a 

select class of solvent-coupled protein configurational fluctuations is obligatory for physiological 

activity. The ability to drive specific classes of solvent-coupled protein fluctuations by using an 

electric field oscillating at microwave frequencies provides a mechanism for actuating and 

characterizing the solvent-protein dynamical coupling. As a first step, we design a microwave 

circuit and test system to probe the dynamics in aqueous solution, by using an open-ended 

coaxial probe to deliver microwave radiation to interstitial solvent domains in frozen solution 

samples (200 - 240 K) in the frequency range of 1.0 - 1.6 gigahertz, with a maximum power of 2 

Watts. Continuous-wave electron paramagnetic resonance (EPR) spectroscopy is used for 

reporting on the solvent dynamics through the rotational mobility of the nitroxide spin probe, 

TEMPOL. We design a circuit featuring a circulator component, which allows for delivery of 

microwave power to the sample via the coaxial probe, while reporting on the power absorption 

by the sample. A microwave power- and frequency-dependent increase in amplitude and 

associated narrowing of the EPR spectra is observed, which indicates increased mobility in the 

solvent. The devised twin capabilities of microwave actuation and sensitive detection of solvent 

motion signify the ability to characterize the role of select, gigahertz-frequency fluctuations in 

enzyme catalysis.
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Introduction

I.​ Microwave effects on enzyme activity

Microwave irradiation has been used conventionally for heating over nearly the past 

century, owing to its speed. While conventional heat sources rely on a conductive out-to-in 

trajectory, microwave sources are able to heat the sample by directly actuating motion of charges 

and dipoles in the body of the material1. Along with its efficiency advantage, this microwave 

heating has been accompanied by unexpected results. In the 1980s, it was revealed that under 

microwave irradiation, there are significant rate enhancements in certain organic synthesis 

reactions2. Along with rate enhancements, enzyme samples subject to microwave irradiation 

have also been shown to perform physiological function in environments that would typically 

render catalysis effectively inactive, including chemically harsh chloroform solvents and 

temperatures significantly below physiological values3,4. Determining the source of these 

unpredicted behaviors has been difficult, since it is hard to distinguish between thermal effects 

and a “microwave-specific” property. However, in certain cases the impact of microwave 

radiation has been separated from purely thermal effects through systematic determination that 

changes in the sample’s physical properties are not explained through thermal effects alone5. The 

notion of a “rotational temperature” has been proposed, where the continuous microwave 

radiation incident on dipolar solvent molecules leads to a fast, and therefore rotationally “hot,” 

local pockets within the solution, fundamentally changing how solvent molecules interact with 

enzymes within the sample6-8. While this approach does give an explanation for unconventional 

thermal activity, it ignores interactions between the protein and solvent, disregarding the 

potential connection of the protein to the surrounding molecules. Protein motions are intimately 



2

coupled to their environment9,10, so there is a need to understand the relation between this strong 

coupling and the “microwave-specific effect.” At this point, the exact mechanism of 

microwave-specific rate enhancement is not fully understood. We find that application of 

microwave power to our solvent results in a detectable increase in mobility within the solution, 

consistent with detected increases in temperature from other studies. This effect is correlated 

positively with the applied power and displays a trend of increase with the frequency of 

radiation.

II.​ Ethanolamine ammonia-lyase as an example system

Ethanolamine ammonia-lyase, a coenzyme B-12 dependent bacterial enzyme responsible 

for the catalysis of the conversion of ethanolamine to acetaldehyde and ammonia, conducts its 

enzymatic activity through a choreography of chemical events within its active site11. In previous 

EPR studies, the molecular motions that actuate catalysis in this active site have been related to 

specific, or “select,” fluctuations of the solvent immediately surrounding the protein. Below a 

certain temperature (dependent on the cryosolvent used), there is an ordering transition in the 

protein-associated domain of solvent, or hydration layer, that quenches the collective cluster 

class of solvent fluctuations on the time scale of the enzyme reaction. The absence of these 

motions disables the enzyme from conducting its native reaction, resulting in a splitting of the 

physiological reaction into two separate kinetic processes, resulting in a bifurcation of the 

reaction pathway. This behavior indicates a dependence of the native enzyme catalysis on 

‘select’ motions in the solvent12. Because of this dependence, inducing these select fluctuations 

in the solvent may drive the enzyme process, thus leading to an increased reaction rate.
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III.​ Open-ended coaxial probe technique

While conventional microwave ovens are able to heat a large amount of sample 

simultaneously and quickly, they do not report on what is happening within the sample as it is 

being heated. In contrast, open-ended coaxial probes can be used to both deliver microwave 

irradiation to a small region of the sample and detect changes in its dielectric properties5, 13,14.  

The proportion of reflected microwave energy is sensitive to the dielectric (permittivity)  

properties of the sample, and these properties are dependent on the temperature of the sample in 

the region of the probe. Open circuit coaxial probes have been used in medical and industrial 

settings as a local, sensitive detection device; their ability to detect slight shifts in dielectric 

permittivity has been exploited to measure where regions of organic tissue change and where 

pocket defects occur in manufactured goods without penetration of the target subject13, 14. Along 

with their sensitivity , these probes also have the benefit of being relatively small-scale devices. 

This size provides a versatility for these probes to be used in otherwise inconvenient settings, 

where the sample is restricted to a small or relatively inaccessible space. The small size also 

allows for introduction of the probe to small, millimeter-scale sample tubes and the ability to 

function concurrently with compatible experimental apparati without posing a major 

inconvenience spatially.
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Figure. 1 Visual representations of the open-ended coaxial probe and accompanying electric (E) 

and magnetic (B) fields. The cable is made up of a center conductor surrounded by a layer of 

insulating material and sheathed by a grounded outer conductor. The signal is transmitted via the 

center conductor. (a) Cross-section representation of the E-field and B-field at moments where 

the alternating current is traveling into and out of the page, causing directional changes of the 

B-field. (b) Three-dimensional representation of the probe tip, with concentric rings showing the 

surface of the outer conductor. (c) Side-view schematic of the E-field lines (red), showing 

shielded coax interior region and the exit and reentry of E-field lines in the region of the probe 

tip. 
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IV.​ Electron paramagnetic resonance (EPR) spectroscopy

EPR spectroscopy allows for an observation of the mobility of the solvent. Solvent 

dynamics are reported by the nitroxide spin probe TEMPOL, which carries a single electron spin, 

(S=1/2), associated with the nitroxide function. Changes in the solvent dynamics are manifested 

in line shape changes of the first-derivative absorbance spectrum. In protein systems, changes in 

the line-shape can be extrapolated to the characteristic motion in different solvent regions15-17. 

Resonance peaks result from energy level splitting from interactions between the unpaired 

electron and the external magnetic field, as well as the hyperfine interaction of the electron with 

its associated nuclei. With TEMPOL, the unpaired electron resides partially on 14N (I=1), giving 

rise to three peaks in the spectrum (mI=0, ±1). Due to limitations of appropriate sample size, 

cavity size and field strength, the EPR spectrometer operates at X-band (8-12 GHz) microwave 

frequencies.  The particular microwave frequency used in the experiments was 9.5 GHz. In the 

X-band frequency range, the 14N hyperfine interaction has a dominant effect, allowing for 

distinguishable differences in line shape accompanying altered mobility of TEMPOL. At 

sufficiently low temperatures (TEMPOL rotational correlation time, 𝜏C ≥ 10-7 s) the rigid limit of 

measurement occurs, and the EPR spectrum displays the “powder-pattern” line shape. As 

temperature increases, the dipolar hyperfine interaction becomes rotationally averaged, causing a 

narrowing of each of the three mI lines and thus a sharpening of the EPR spectrum. System 

measurement at high temperatures reaches a limited resolution at correlation times 𝜏C < 10-10 s.  
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Figure. 2 Energy level splitting diagram for the TEMPOL EPR spin probe (structure, bottom 

right). In the presence of a magnetic field, there is a splitting between mS=+½ and mS=-½ states. 

Further splitting results from the hyperfine coupling of TEMPOL’s 14N with associated nuclear 

spin values mI =0,±1. The constant microwave frequency (𝜈) within the cavity gives three applied 

magnetic field values where the resonance condition ΔE = h𝜈 = ge𝛽H is met, where h is Planck’s 

constant, ge is the electron g factor, 𝛽 is the Bohr magneton, and H is the applied field magnitude. 

As represented through the connecting vertical dashed lines, each H value where this condition is 

met corresponds to resonant absorbance of microwaves.  The derivative shape of the lines is 

caused by the use of phase-sensitive detection as a technique to enhance the signal.
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V.​ Circuit design

To simultaneously deliver the actuating microwave radiation (1.0 - 1.6 GHz), measure the 

reflected microwave power, and report on real-time dynamics of the solvent and the effects of 

microwave perturbation, through the motion of the spin probe (EPR performed at 9.5 GHz 

microwave frequency), we designed a circuit to operate the open-ended coax probe (RG402) in 

contact with the sample within the resonator (SHQE; Bruker, Billerica, MA) EPR spectrometer 

(E500; Bruker). The circuit depicted in Figure 3 features a broadband (0.01-20 GHz) microwave 

source (83752A; Hewlett-Packard) that sends microwave power to the sample and ultimately to a 

spectrum analyzer (8590A; Hewlett-Packard) that reports the power spectrum of the reflected 

signal. The signal experiences a 35 dB amplification (PE15A4025; Pasternack) before passing 

through an isolator (PE8300; Pasternack). A circulator (PE8400; Pasternack) directs the power to 

the sample, and any reflections are attenuated by a 10 dB fixed attenuator (XMA, Manchester, 

NH) before being delivered to the spectrum analyzer. The 17 dB isolator following amplification 

is placed before the circulator to protect both the amplifier and the microwave source from any 

reflections in the system. All circuit elements have a 50-ohm characteristic impedance to 

minimize loss in element contacts. The semi-rigid coaxial probe is in direct contact with the 

sample, which rests vertically in the center of the cavity resonator for measurement. Bandwidth 

limitations among components of the collective circuit limit probe signals to a power range of 

20-33 dBm and a frequency range of 1-1.6 GHz (L-band microwave bandwidth). 
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Figure 3.  Circuit diagram of experimental apparatus for the electrical perturbation of samples 

concurrent with continuous-wave EPR measurements. A microwave synthesizer routes a signal 

through a 35 dB amplifier. The circuit features a circulator component, which allows for the 

directionally specific path of the input signal to the probe, and routing of the reflected portion of 

the signal from the probe to the spectrum analyzer. Here, the microwave signal is delivered to the 

sample, resting in the resonance cavity of the EPR spectrometer, between the pole faces of the 

electromagnet. The dashed lines outline a zoomed-in frame depicting the probe within the 

sample tube in contact with the solution. After the signal is carried to the sample, any reflected 

power is passed through the circulator to a spectrum analyzer where the power reading is 

displayed. 
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VI.​ Motivation

A full mechanistic understanding of microwave effects on enzyme activity remains 

elusive. Microwave radiation is understood to interact with charges in solution, both through 

ionic conduction (translation) and dipolar rotation. "Select" solvent fluctuations have been shown 

to be directly coupled and obligatory for enzyme activity in EAL, which offers a system 

amenable to sensitive measurements of kinetics through time-resolved, continuous-wave EPR 

spectroscopy. Here, the goal is to actuate and detect effects on solvent mobility owing to 

microwave radiation in the 1.0 to 1.6 GHz range. Achieving detectable changes in the dynamics 

of the TEMPOL spin probe in solution as a result of microwave perturbation would indicate an 

ability of our probe to influence motion within the system.  
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Methods

I.​ Sample preparation for dielectric property change measurements

Chemicals used were commercially sourced. Measurements made using RG174 flexible 

coax were performed in 4mm quartz EPR samples tubes (Wilmad, NJ) cut to 7 cm lengths. 

Temperature control was achieved with high-purity nitrogen gas cooled by a dry ice-ethanol 

bath. 

II.​ EPR Sample preparation

EPR samples were prepared in 5 mm quartz NMR tubes. EPR samples contained 0.4 ml 

solution containing 10 mM potassium phosphate buffer (pH, 7.5), 2 % v/v DMSO. Sample was 

frozen in a two-step process. First, 200 µL solution without TEMPOL spin probe was frozen in 

isopentane at 140 K. Then, 200 µL containing 200 µM TEMPOL was deposited onto the frozen 

solution. The semi-rigid coaxial probe tip was then inserted, such that the outer dielectric was 

flush with the solution surface, and the sample and probe were submerged in the cold isopentane 

until frozen. Samples were then transferred to and held in liquid nitrogen until the EPR 

measurement. 

III.​ Cooling bath and temperature control experiments

Salt data was collected from samples suspended in an ethylene glycol cooling bath. 

Measurements made in the bath were done with RG402 semi-rigid coax. Sample volume was set 

to 30 mL and 0.2% v/v NaCl was added followed by vortexing for 15-30 s. The semi-rigid 

coaxial probe was partially submerged in the bulk solution, centrally located with approximately 
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1 cm depth below the solution surface. Temperature was monitored by a type T thermocouple 

submerged at similar depth. At each temperature, the solution was held until measurement values 

were constant over long timescales (> 1 minute).

IV.​ Continuous wave EPR spectroscopy

EPR spectroscopy was performed on a Bruker E500 ElexSys EPR spectrometer using the 

ER 4123SHQE X-band cavity resonator. Spectroscopy was performed in the X-band frequency 

range, with microwave frequency near 9.5 GHz; measurements were performed with 0.2 mW 

applied microwave power. Four spectra were everaged for each temperature-frequency-power 

combination.

V.​ Application of probe microwave power

Microwave radiation was produced using a Hewlett Packard 83752A synthesized 

sweeper, and the real-time power spectra from reflected signals were monitored on the Hewlett 

Packard 8590A spectrum analyzer. The spectrum analyzer is calibrated for appropriate amplitude 

and frequency measurements with a test signal of 300 MHz at a power level of -20 dBm. For 

power dependence measurements, the circuit was set to minimum power output and then raised 

to higher powers at each temperature.
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Results

I.​ Detection of differences in dielectric properties with the open-ended coaxial probe

RG-174 flexible coaxial cable was used for preliminary tests of probe sensitivity. With 

direct connection to the spectrum analyzer, this probe detected differences in the medium it was 

in contact with, as depicted in Figure 4. In contact with air, less power from the 0 dBm radiation 

was absorbed when compared with contact with water. This result was true across the frequency 

range of 1.0-2.0 GHz. At high frequency (near 2.0 GHz), there is a significant decrease in 

reflected power from the probe in both media.

Figure 4. Power spectra from open-ended flexible probe in contact with air (blue) and water 

(orange). Water showed the ability to absorb more power from the 0 dBm source than air across 

all frequencies in the 1-2 GHz band. General decrease in signal at higher frequencies is attributed 

to the bandwidth limitation of the spectrum analyzer (1.5 GHz maximum recommended input). 

Measurements made at room temperature (~21 °C, 294 K).
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Semi-rigid RG-402 coaxial cable was used for all later experiments In bulk samples, 

measurements of the reflected power from the probe detected jumps in the power spectra as the 

temperature varied from 265 to 282 K. For pure water, this jump occurred at 273 K, as seen in 

Figure 5. When the probe was in contact with a low-concentration salt solution (0.2% NaCl) 

however, the jump in absorbed power occurs at a lower temperature (272 K) . At all temperatures 

measured, the reflected power from the probe in the salt solution was around 0.175 dB lower 

than in pure water. Otherwise, the constant regions and 0.125 dB jump are consistent between the 

two samples.

Figure 5. Temperature dependences on power absorption of pure water and 0.2% NaCl in water 

under 0 dBm, 1.0 GHz constant radiation. Temperature was controlled by using an ethylene 

glycol cooling bath and recorded with a thermocouple resting in bulk solution. Dashed lines 

show jumps in otherwise level spectra attributed to melting in the solution.

The semi-rigid probe also detected sensitive changes in sample properties of solutions of 

varying dimethylsulfoxide (DMSO; dielectric constant, 47, at 298 K) concentrations. At 260 K, 



14

increases in the DMSO concentration were accompanied by more power absorption in the 

sample (Figure 6). The general trend of absorbed power versus DMSO concentration is 

consistent across the 1.0-1.6 GHz frequency range. The extent of increased power absorption 

varies depending on the frequency. At 1.0 GHz, the difference in reflected power is smaller than 

at 1.4 GHz.

Figure 6. Power spectra for various DMSO concentrations (measured as v/v%) in water. For all 

samples, 20 dBm radiation was applied at 260 K. Measurements detected by semi-rigid coaxial 

cable with protruding center conductor embedded in 0.4 mL samples. Lines show a general trend 

of increased power absorption at higher concentrations, attributable to the increasing dielectric 

constant of the solution. 
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II.​ Actuation of solvent mobility in CW EPR experiment

At 120 K, acquisition of the EPR spectrum reveals the powder pattern lineshape. As the 

temperature increases, there is a characteristic narrowing in the lineshape. At temperatures above 

200 K, application of 2 W (33 dBm) power results in noticeable changes to the line shape 

amplitude (Figure 7). At both 215 K and 235 K, the spectra collected from no probe power and 

100 mW applied power (black and violet lines in Figure 7, respectively) are not visibly different. 

At 120 K and 200 K, all three power levels behave similarly.

Figure 7. EPR spectra of TEMPOL with no probe power (black), 100 mW probe power (violet), 

and 2 W probe power (red) at 120 K, 200 K, 215 K, and 235 K. At each temperature, no 

significant difference between no power and 100 mW probe power is seen; however, at higher 
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temperatures, noticeable amplitude changes in the 2 W probe power line shapes are present, 

particularly at the low-field peak for the 215 K measurements. Relative derivative amplitudes for 

each temperature differ slightly.

III.​ Power dependence of solvent dynamical effect

The amplitude of EPR spectra increases as a function of the applied power. Figure 8 

shows an overlay of the high-field resonance feature at 235K with 1.0 GHz frequency applied 

signal. Figure 9 shows the power dependence of the peak-to-trough amplitude differences in 

these spectra. There is a positive correlation between the applied probe power and the amplitude 

increase consistent across the entire spectrum at 235 K.
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Figure 8. Power dependence of the high-field peak of EPR spectra of TEMPOL at 235 K. The 

red line is representative of no applied power. The green line corresponds to 2 W probe power, 

the maximum used in other tests. As the power increases, the peak-to-peak amplitude difference 

correspondingly increases. Each line is representative of a 1 dB increase in the applied power, 

going from 20 dBm to 35dBm.
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Figure 9. Peak-to-peak amplitude difference of the high-field first derivative spectrum as a 

function of the probe power. Higher power stretches the amplitude of both the peak and trough of 

the high-field feature.

IV.​ Frequency dependence of microwave dynamical effect

EPR spectra of TEMPOL at 235 K under 2 W incident probe power show an increase in 

amplitude at higher frequencies. Figure 10 shows the peak-to-trough amplitude difference 

increase as a function of the applied frequency for the high-field resonance peak. This trend is 

consistent across the entire EPR spectrum. 
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Figure 10. (left) Frequency dependence of the high-field peak of EPR spectra of TEMPOL at 235 

K with a constant power level of 2 W. The red line corresponds to 1.0 GHz applied frequency. 

The frequency was increased to 1.6 GHz in increments of 0.1 GHz. (right) Peak-to-trough 

amplitude difference for high-field EPR spectra at different frequencies. 

Discussion

I.​ Confirmation of appropriate microwave power absorption dependence on material 

dielectric properties 

The measured power absorption difference between air and water in Figure 4, and 

between the different DMSO concentrations in Figure 6, are consistent the changes in associated 
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dielectric constants; materials with higher dielectric constants typically absorb more microwave 

power18. In Figure 4, water reflects a lower microwave power across the entire frequency range, 

attributable to its much higher dielectric constant. In Figure 6, this pattern repeats, owing to the 

dependence of the dielectric constant of DMSO water solutions on the concentration of DMSO19. 

At low temperature (<0 °C, <273 K), DMSO forms interstitial channels in the frozen water16, 

allowing for pocket regions of material with higher microwave absorbance, and increasing 

DMSO concentrations lead to more microwave absorption. The detection of changes in dielectric 

properties is also verified by state change detections in Figure 5. Increasing the concentration of 

NaCl in water reduces the solution freezing point to <-1 °C, which is a more drastic change than 

anticipated from known effects of salt concentration on water’s freezing point (expected shift 

<0.5 °C)20. The jump in absorbed power in the pure water curve associated with a detectable 

change in the solution properties occurs at 0 °C, the known freezing point of water. This jump 

happens at a lower temperature in the 0.2% NaCl solution, consistent with salt’s effect on 

lowering freezing points in water. Additionally, while the two dependences on temperature share 

similarities, in that there are two flat regions with a similarly scaled jump, there is a 0.175 dB 

downward shift of the entire power spectrum in the salt concentration data, indicating more 

microwave absorption. Sodium chloride introduces more charges into the system, which are 

capable of interacting with the microwave E-field. This interaction could explain the small 

increase in power absorption. 
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II.​ Subtraction analysis of 235 K EPR spectra reveals effect of microwave irradiation 

on spin probe rotational motion 

Acquisition of the EPR spectrum at 235 K under high-power microwave irradiation (2 

W) at 1.0 GHz yields a small increase in spectrum amplitude for each resonance feature. In 

general, increased amplitude and narrowing of each of the three lines indicates an increase in 

spin probe rotational motion.  Under the simple assumption that the rotational mobility of a small 

subset of the total spin probe population is increased, while the majority of the population 

maintains the mobility (and spectrum) established by the bulk solution temperature, subtraction 

of a scaled proportion of the zero power (P=0) spectrum will reveal the spectrum of the 

microwave-actuated population. Subtracting the spectrum acquired at P=0 yields non-physical 

EPR spectral features (Figure 11). This indicates an overcompensation in the subtraction, not 

accounting for the population of spin probe in the sample, whose mobility was not influenced by 

application of microwave power. To determine what fraction of the spin probe population in the 

sample “feels” the effects of the microwave irradiation, smaller fractions of the spectrum at P=0 

were subtracted until deviations in the line shape baseline (example feature, red arrows in Figure 

11) flattened-out into physically realistic features. This occurred when a proportion of 0.82 of the 

P=0 spectrum was subtracted from the high-power spectrum. This result implies that, at 235 K, 

18% of the spin probe population in the sample is experiencing the effects of microwave 

irradiation. Similar analysis carried out on the collected spectra at 215 K (Figure 12) yielded 

activated population values of 8%. Carrying out the same procedure for 220 K and 240 K 

measurements show reactive percentages of the spin probe population of 14% and 20%. Overall, 

as the temperature increases, more of the corresponding P=0 spectrum is converted to the 

high-power spectrum, corresponding to an increase in the affected fraction of spin probe 
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population. Relatively small fractions of the population being affected are appropriate, 

considering the dimensions of the sample; the spin probe occupies a 1 cm length of the quartz 

tube, and studies using coaxial probes with similar geometrical and material properties have 

shown the strong, near-field region of the microwave signal has a penetration depth of 〜1 mm21. 

As the temperature rises, the increased mobility in the solvent from thermal motion may allow 

TEMPOL molecules to be influenced by the weaker, far-field region of the probe.  

Figure 11. Resolution of the microwave radiation perturbed spectrum of the TEMPOL by using 

subtraction of scaled TEMPOL spectrum acquired in the absence of microwave radiation (P=0), 

at 235 K.  (a) Result of subtracting EPR spectrum of TEMPOL at 235 K under no applied 

microwave power from EPR spectrum of TEMPOL at 235 K under 2 W, 1.0 GHz applied power. 

Red arrow points to one of several non-physical lineshape features resulting from subtraction of 

the unscaled P=0 spectrum. (b) Result of subtracting a scaled, 82% amplitude EPR spectrum of 

TEMPOL at 235 K under no applied microwave power from the EPR spectrum of TEMPOL at 
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235 K under 2 W, 1.0 GHz applied power. Red arrow points to the resolved lineshape feature 

resulting from subtraction.  

Figure 12. Resolution of the microwave radiation perturbed spectrum of the TEMPOL by using 

subtraction of scaled TEMPOL spectrum acquired in the above of microwave radiation, at 215 

K.  (a) Result of subtracting EPR spectrum of TEMPOL at 215 K under no applied microwave 

power from EPR spectrum of TEMPOL at 215 K under 2 W, 1.0 GHz applied perturbation. Red 

arrow points to one of several non-physical lineshape features resulting from subtraction of the 

unscaled P=0 spectrum. (b) Result of subtracting 92% amplitude of EPR spectrum of TEMPOL 

at 215 K under no applied microwave power from EPR spectrum of TEMPOL at 215 K under 2 

W, 1.0 GHz applied radiation. Red arrow points to the example resolved lineshape feature 

resulting from subtraction.  

III.​ Verification of line shape narrowing as an indicator of increased solvent mobility 

Narrowing of EPR spectra generally accompanies the increase in amplitude, as a consequence of 

increased spin probe rotational motion. Therefore, to confirm that mobility is increased within 



24

the solvent, the dependence of the peak-to-trough linewidth of the high-field hyperfine lineshape 

feature on microwave power was assessed.  The peak and trough correspond to the inflection 

points in the microwave absorption lineshape. For the 235 K spectra, Figure 13 shows the 

general trend of the peak and trough of the high-field feature as a function of microwave power.  

As the incident power is increased, the maximum (peak) shifts slightly right while the minimum 

(trough) shifts slightly left. Thus, the two features move inward, and  the collective trend is a 

narrowing of the high-field resonance feature, which is consistent with the increased spin probe 

and surrounding solvent mobility indicated by the increase in amplitude.  

Figure 13. Figure 13. General trend of field-position shifts of the high-field resonance feature of 

TEMPOL spectra at 235 K. (Left) Dependence of the position of the maximum amplitude value 

of the peak feature on microwave power. (Right) Dependence of the position of the minimum 

amplitude value of the trough feature on microwave power.  Microwave frequency: 1 GHz. The 
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data points occupy flat regions separated by a uniform increment, because of the limited 

point-to-point sampling resolution (aliasing) in the spectrum acquisition. 

IV.​ Conclusions

Overall, we have shown an ability of the open-ended coaxial probe configuration to 

detect changes in the dielectric properties of the interstitial microstructure of frozen aqueous 

solutions of different composition, and to directly actuate solvent dynamics within the sample. 

The spin probe EPR spectra show a dependence of the extent of this effect on both the frequency 

(1.0 - 1.6 GHz) and power (0 - 2 W) of the microwave sample delivered.  Increased microwave 

power increases the mobility of the EPR spin probe, as expected for an increase in the dynamics 

or motion in the surrounding aqueous solvent. The increased spin probe mobility with 

microwave frequency is also expected, based on the increase in microwave power absorption of 

water with increased frequency in the L- band (1.0 - 2.0 GHz) range22. At higher temperatures 

(235 K, relative to 215 K), increased freedom of the spin probe in its environment allows for a 

wider local range of effects of the microwave probe.  From the current results, the origin of these 

effects, from either non-local thermal heating or localized charge motion, cannot be determined. 

Our demonstrated capability to directly actuate frequency-specific mobility changes in the 

solvent provides a promising forward direction for distinguishing this mechanism.  The 

experimental system is also promising for application to examine the influence of microwave 

radiation, and actuation of "select" configurational fluctuations11, 12, in the EAL system. 

Monitoring effects of our applied temperature-, power- and frequency-varied microwave 
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perturbation on reaction rate could lead to the resolution of different select fluctuations to 

enzyme catalysis, and an ability to drive enzyme turnover at faster rates in native and engineered 

non-native environments.
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