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� New allotrope of molecular

hydrogen recoded by EPR.

� New molecular orbital structure

confirmed having a paired and an

unpaired electron.

� SQUID behavior noted for a mo-

lecular orbital.

� New fastest gas migration velocity

recorded by gas chromatography.

� New state of molecular hydrogen

is the basis of a new power source.
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a b s t r a c t

Quantummechanics postulates that the hydrogen atomhas a stable ground state fromwhich

it canbepromoted toexcited states by captureof electromagnetic radiation,with the energyof

all possible states given by En ¼ �13.598/n2 eV, in which n � 1 is a positive integer. It has been

previously proposed that then¼ 1 state isnot the true groundstate, and that so-calledhydrino

statesof lowerenergycanexist,whicharecharacterizedby fractionalquantumnumbersn¼1/

p, inwhich 1 < p� 137 is a limited integer. Electron transition to a hydrino state, H(1/p) is non-

radiativeandrequiresaquantizedamountofenergy, 2mE1 (misaninteger), tobe transferred to

a catalyst. Numerous putative hydrino-forming reactions have been previously explored and

the products have been characterized by a range of analyticalmethods.Molecular hydrinohas

been predicted to be paramagnetic. Here, we give an account of an electron paramagnetic

resonance (EPR) study ofmolecular hydrino H2(1/4) that was produced as gaseous inclusion in

polymericGa(O)OHbyaplasmareactionofatomichydrogenwithnon-hydrogenbondedwater

as the catalyst. A sharp, complex,multi-line EPR spectrum is found,whose detailed properties

prove to be consistent with predictions from hydrino theory. Molecular hydrino was also

identified in gas chromatography as a compound faster thanmolecular hydrogen.
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Introduction
The quantized energy levels of the hydrogen atom are

En¼�13.598/n2 eV, inwhich theprincipal quantumnumbern is

a positive integer. The electronic ground state has n¼ 1. Higher

states can be populated by absorption of light according to the

Rydberg equation n¼ RH[(1/n2)
2-(1/n1)

2] with RH¼ 109.677 cm�1.

R. Mills has hypothesized and experimentally tested that the

n ¼ 1 state is not the absolute ground state and that lower-

energy hydrino states characterized by fractional quantum

numbers 1/p, with 2¼ p� 137, can exist. The underlying theory

has been presented in a series of papers [1e11]. A comprehen-

sive compilation of the theory, known as The Grand Unified

TheoryofClassicalPhysics (GUTCP) isavailableasa3-vole-book

with regular updates [12]. Ample experimental evidence has

beenpresentedby theMills lab thatH(1/p) canbeproduced from

H(n¼ 1) in anon-radiative processwherebya catalyst reversibly

takesupanamountofenergyequal to (p-1)�27.196eVsuchthat

a total amount equal to (p2-1)� 13.598 eV is ultimately released

as heat, continuum EUV emission, energetic signatures, and

hydrino chemical products [13e39], [40e70].

Mills’GUTCPtheoryhasbeenevaluatedebothpositivelyand

negatively e by others, however, thus far only on the basis of

theoretical arguments [71e84]. Experimental support for the

existence of hydrino, as H, H�, or H2, has been presented by the

Mills lab and other independent laboratories and researchers

[13e39], [40e70] using vibrating sample magnetometry, magic

angle spinning 1H nuclear magnetic resonance spectroscopy

(MAS 1H NMR), Raman spectroscopy including deuterium sub-

stitution, photoluminescence emission spectroscopy, Fourier

transform infrared spectroscopy (FTIR), gas chromatography, X-

ray photoelectron spectroscopy (XPS), time of flight secondary

ionmass spectroscopy (ToF-SIMS), electrospray ionization time

of flightmass spectroscopy (ESI-ToFMS), and high performance

liquid chromatography (HPLC). The energetics of the hydrino

reaction was confirmed by the observation of extraordinarily

Doppler and Stark H line broadening, hydrogen plasma after-

glow, ultraviolet and visible spectroscopy of population inver-

sion, shockwave formation, 20 MW-level continuum EUV

opticalpowerwhereinthereactionratewasgreatly increasedby

applying anarc current to recombine ions and electrons formed

by the energy transfer to HOH that is consequently ionized,

differential scanning calorimetry of hydrino solid-fuel reactant

mixtures, electrical energy balance of hydrino reaction electro-

chemical cells, and water bath calorimetry on so-called Sun-

Cells® comprising a molten gallium injector that electrically

shorts two plasma electrodes with the molten gallium to

maintainanarc currentplasmastate that boostedoutput power

to 340,000 W in a 0.5 -liter reactor volume. The present study

significantly extends this body of research as it is carried out in

an independent laboratorywitha technique, EPR,notpreviously

applied in hydrino studies.
Experimental

Full experimental details are given in the ESI. These include

descriptions of plasma reactor setup, production of reactants,
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reaction control, and product processing. Analytical methods

for product analysis are detailed covering gas chromatog-

raphy, scanning electron microscopy, energy dispersive X-ray

spectroscopy, Rutherford backscattering spectrometry, time-

of-flight secondary ion mass spectrometry, transmission

electron microscopy, and X-ray diffraction. The EPR spec-

troscopy is described including all in-house developed soft-

ware for data analysis.
Results and discussion

Molecular hydrino sample production

A common feature of a hydrino state and an excited H state is

that both comprise an electron, a proton, and a photon. In an

excited H state, the photon superimposes the proton field to

decrease the central field at the electron to þ e/n (e is the

fundamental charge) and creates a radial dipole instability that

results in radiation. Conversely, the photon of a hydrino state

increases the central field at the electron to þ(1þm)e and cre-

ates a radial monopole that is radiatively stable. According to

GUTCP, ground-state (n¼ 1) atomic hydrogen can be converted

to atomic hydrino (n ¼ 1/(1þm)) by means of a nonradiative

resonant energy transfer to a catalyst with potential

energy¼m� 27.2 eV (that is 2m� E1) according to the reaction

m � 27.2 eV þ H(1) þ Cat / H*(1/(1þm)) þ Cat* þ m � 27.2 eV

in which the energy term on the left is energy absorbed by

the catalyst (typically by resonant ionization) and the term on

the right is the energy released by the increase in the potential

energy of the hydrogen atom to form H*(1/(1þm)), an inter-

mediate of the hydrino atom of radius aH. Subsequently the

ionized catalyst, Cat*, regenerates by recombination, with the

release of its previously gained ionization energy, and the

hydrino intermediate converts to stable H(1/(mþ1)) having a

radius of aH/(1 þ m) by release of additional energy such that

the overall release of energy is [(mþ1)2e1] � 13.6 eV. By

considering the quantum state p ¼ m þ1 the reaction may be

written

H(1) / H(1/p) þ (p2-1) � 13.6 eV

The hydrino transition reaction requires atomic H and a

single catalyst species which is typically formed chemically or

by a plasma reaction [13e20]. Further reactivity produces

molecular hydrino H2(1/p) from atomic hydrino H(1/p) when

the bond energy is removed by collision with a third body,

which can be a reactor-wall constituent [85]. A variety of

species can resonantly and nonradiatively accept m � 27.2 eV

from atomic hydrogen to serve as catalyst for hydrino for-

mation; in the present case we use the nascent (that is, in situ

prepared, not hydrogen-bonded) water molecule with poten-

tial energy 3 � 27.2 eV [13,14]. Details of the sample prepara-

tion are given in ESI. Briefly, the reactor is a closed vessel in

which a low-voltage discharge is created between a liquid

gallium electrode and a solid tungsten electrode with water

and hydrogen introduced from a supported-Pt H2/O2
c resonance proof for the existence of molecular hydrino, Inter-
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recombiner supplied with H2 gas and trace O2 to form trace

nascent, or non-H-bonded water catalyst. Either additional

oxygen or water vapor are introduced to produce gallium

oxide that is collected. Regular H2(1) is known to absorb onto

Ga2O3 [86e88]. It is unknown if molecular hydrino putatively

associated with the Ga2O3 is sufficiently stable to survive slow

transfer to an EPR lab because the Ga2O3 collected from the

SunCell® reactor is contaminated with metallic gallium along

with Ga(O)OH. The presence of gallium metal precludes EPR

spectroscopy on themixture. However, high-purity crystalline

Ga(O)OH for EPR analysis is isolated as follows. After dissolu-

tion of the mixture of gallium metal, gallium oxide, and Ga(O)

OH in 4 M KOH, a unique non-soluble product comprising

Ga(O)OH in the form of an aggregate of micro-spheres con-

taining molecular hydrino H2(1/4) slowly polymerizes as

shown by scanning electron microscopy (SEM) and trans-

mission electron microscopy (TEM) in Fig. 1. We denote this

stabilized system by H2(1/4)@Ga(O)OH compliant with a

common notation for atomic hydrogen occluded in solid hosts

[89,90].

Energy dispersive X-ray spectroscopy (EDS) showed an

elemental composition of GaO2.1 (Fig. S1). Conventional

elemental analysis of H relies on combustion toH2O. However,

H2(1/4) theoretically and experimentally does not undergo

combustion with oxygen. The molecular orbital electron en-

ergy level is too low to react with oxygen. Therefore, Ruth-

erford backscattering spectrometry (RBS) was performed on

the H2(1/4)@Ga(O)OH which identified the composition as

GaO1.68H1.32 with a density of 8.56 � 1022 atoms/cm2 corre-

sponding to an excess H content, some of which is hydrino

hydrogen, based on the results of gas chromatographic iden-

tification and EPR spectroscopy reported below. Time-of-flight

secondary ion mass spectrometry (ToF-SIMS), presented in

Fig. S2, showed Ga in the positive ion spectrum and O and H as

dominant ions in the negative ion spectrum wherein the hy-

dride ion was elevated compared to control Ga(O)OH. No hy-

drocarbons above adventitious levels were present and no

nitrogen was found indicating the unlikeliness for EPR signals

to originate from organic radicals. Equally, in the positive

spectrum no potentially paramagnetic transition ions were

present. Selected area electron diffraction (SAED) with the
Fig. 1 e Scanning electron microscopy and transmission electro

800 £ magnification showing chains of microspherical particles

comprising very fine fibers; trace c: TEM imaging of morpholog

which were very sensitive to the TEM electron beam. Observed

diameter.

Please cite this article as: Hagen WR, Mills RL, Electron paramagneti
national Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhyden
transmission electron microscope (Fig. S3) revealed the sam-

ples to comprise two different morphological and crystalline

forms of Ga(O)OH: rods with orthorhombic diffraction pattern

matched control Ga(O)OH, which lacks molecular hydrino, in

morphology and crystalline structure [91] and were not sen-

sitive to the TEM electron beam; on the other hand, morpho-

logically polymeric crystals comprising hexagonal crystalline

structure were very electron-beam sensitive, and were

assigned to novel H2(1/4)@Ga(O)OH. X-ray diffraction (XRD)

showed a phase shift from the Ga(O)OH control lines with

different deviations between NaOH and KOH formed H2(1/4)

@Ga(O)OH as illustrated in Fig. S4.

Gas chromatography of molecular hydrino

The H2(1/4) molecule has a cross section that is circa 1/64 of

that of the helium atom. By consequence it is difficult to store

molecular hydrino in a container for extended periods of time.

Also, the here employed production scheme always results in

contaminationwith regular H2(1). H2(1/4) was identified by gas

chromatography in two complementary experiments. H2(1/4)

gas was collected from the SunCell® reactor using a valved

microchamber connected to the vacuum line and cooled to

15 K by a cryopump system. The liquefied gas was warmed to

room temperature to achieve 10 Torr chamber pressure and

was injected into a gas chromatograph. H2(1/4) was observed

as an early peak at 8.31 min and hydrogen that co-condensed

with H2 gas was observed at 12.87 min (Fig. 2a).

The peak at 18.24min is oxygen that was condensed before

the SunCell® run to serve as a solvent for H2(1/4). The

collected gas contained no helium by mass spectroscopy. The

early peak was negative with a helium carrier gas indicating

that the early peak had a higher thermal conductivity, and the

migration rate was faster than that of helium with an argon

carrier gas. No known gas has a faster migration rate and

higher thermal conductivity than H2 or He, which is charac-

teristic of and identifies hydrino since it has a much greater

mean free path due to exemplary H2(1/4) having 64 times

smaller volume and 16 times smaller ballistic cross section.

Hydrogen condensed under pressure and temperature con-

ditions that violate the Clausius Clapeyron equation due to the
n microscopy of H2(1/4)@Ga(O)OH. Trace a: SEM at

; trace b: SEM showing 5 mm width of the particles, each

ically polymeric crystals of hexagonal structure (Fig. S3),

spherical particles have approximately 100 nm average
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Fig. 2 e Gas chromatographic identification of molecular hydrino H2(1/4). Trace a: GC of gas collected from the SunCell®

reactor with a cryopump showing H2(1/4) at 8.31 min. Trace b: the GC of hydrino gas evolved by heating the KOH-treated

Ga2O3/Ga(O)OHmaterial collected from the SunCell® to 800 �C. The known hydrogen and nitrogen peaks were observed at ca

8 and 15 min and a novel peak at ca 6 min was assigned to H2(1/4).
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raising of the H2 liquefaction temperature by co-condensation

with H2(1/4).

In a different experiment gas chromatography was per-

formed on the gases released by thermal desorption of gas

bound to the KOH-treated Ga2O3/Ga(O)OH sample originally

collected from a SunCell® plasma run. Known gases such as

hydrogen were also run to identify their migration times to

compare to the results of the SunCell®-derived sample. The

gas chromatograph of hydrino gas evolved by heating the

Ga(O)OH material to 800 �C is shown in Fig. 2b. Note that the

amplitudes of the peaks assigned to molecular hydrino in the

experiments of Fig. 2 are not quantifiable: since H2(1/4) is not

obtained in pure form, its effect on the thermal conductor

sensor cannot be quantified.

Paramagnetism of molecular hydrino

Alternative to the probabilistic matter waves of quantum

mechanics, the electron in a hydrogen atom is modelled in

GUTCP as a two-dimensional spherical membrane of infini-

tesimal thickness in which current flows along two infinite,

nested rotation sets of great circle filaments. This current

pattern naturally gives rise to both orbital and spin angular

momentum wherein the latter defines a free-electron factor

ge ¼ 2.0023193 [3,4,7e9,12,13]. In the hydrogen molecule the

spherical current pattern becomes a prolate spheroid inwhich

the pairing of two electrons leads to a diamagnetic ground

state. Atomic hydrino differs fromH(n> 1) states in that rather

than the absorption of a photon to form an excited state,

H(n ¼ 1/p) is formed by a non-radiative energy transfer to a

resonant energy acceptor followed by continuum extreme

ultraviolet radiation to the final stable hydrino atomic state.

Two hydrino atoms react to form molecular hydrino having

two photons that are phase-locked to the electron current and

circulate in opposite directions. Consequently, the molecule

has a diamagnetic and a paramagnetic electron, the latter

with g s ge equal to 2 þ 2 � 0.0023193 ¼ 2.0046386 [92]. This
Please cite this article as: Hagen WR, Mills RL, Electron paramagneti
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fundamental prediction from first principles provides a

unique, simple, and accurate testing criterion for the exis-

tence of molecular hydrino. Moreover, the theory predicts a

specific and detailed splitting, or fine structure, of the

g ¼ 2.00464 resonance into a multi-line pattern due to internal

magnetic and spin-orbit couplings affording a distinguishing

EPR signature of molecular hydrino H2(1/4).

EPR spectroscopy of molecular hydrino

A wide magnetic field scan EPR spectrum of the Ga(O)OH solid

powder taken at ambient temperature, exhibits a single de-

rivative feature only against an essentially flat background,

and with g value close to the free-electron value (Fig. 3a).

Zooming-in on this feature (Fig. 3b) shows it to consist of

two separate lines plus multiple weak signals in the low- and

high-fieldwings. The center of the twomain lines corresponds

to an apparent g value of 2.0045(6) which is close to the value

of 2.00464 predicted for the H2(1/4) S ¼ 1/2 spin-only doublet

system. The two lines are separated by circa 4 gauss and are of

equal intensity. Microwave power saturation plots (Fig. S5) are

very similar for the two peaks and are consistent with inho-

mogeneous broadening [93] (see below).

Concentrating on resolving fine structure in the main

peaks we reduce the magnetic-field modulation amplitude to

25 mG (that is, below the bandwidth of the 100 kHz modula-

tion frequency). The spectral amplitude in a single scan drops

to below a signal-to-noise ratio of unity and extensive aver-

aging over 6 h and filtering is required to afford the high-

resolution pattern in Fig. 3c. Each line has resolved in an

isotropic equidistant beat pattern with sub-line separation of

circa 0.32 gauss.

For individual sub-lines we observe an apparent peak-to-

peak width of circa 170 mG which is highly unusual for

solid-state samples. Such narrow lines have only been found

for (i) organic radicals in organic solvents at ambient tem-

perature [94]; (ii) small paramagnetic molecules in matrices of
c resonance proof for the existence of molecular hydrino, Inter-
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Fig. 3 e EPR of postulated molecular hydrino H2(1/4) caged

in solid Ga(O)OH polymer. Trace a: wide-scan overview

spectrum showing a single feature only close to the free

electron g value. Trace b: zoom-in of the single feature in

trace a shows two main lines of equal intensity, separated

by circa 4 gauss, and whose center is distinctly shifted

from the free electron value to g ¼ 2.0045. Trace c: further

zoom-in on one of the lines now recorded with a very

small modulation amplitude reveals a fine structure of

multiple lines with apparent peak-to-peak derivative line

width of 0.17 gauss and separated by circa 0.32 gauss. Data

collection times for traces a-c were 10, 16, and 375 min,

respectively. Modulation amplitudes were 1, 1, and 0.25

gauss, respectively. All spectra were taken at ambient

temperature. Other experimental conditions are given in

ESI.

Fig. 4 e Full EPR spectrum at high resolution of molecular

hydrino H2(1/4). Trace a: extensively averaged spectrum

(2400 min) taken under conditions optimized for maximal

signal-to-noise ratio at the expense of minor over-

modulation (0.2 gauss), exhibits a complex pattern of

triplet satellite lines. Trace b is a simulation using field

positions predicted by hydrino theory.
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noble gasses solidified at cryogenic temperatures [95]; (iii)

single hydrogen atoms encapsulated in molecular cages [96];

and (iv) paramagnetic molecules in the gas phase at low

pressure [97]. Excluding the first two options on obvious

grounds (no organic solvents and no cryogenic temperatures)

and the third one on spectroscopic grounds (atomic hydrogen

EPR is a single line at the free electron ge value split by over 500

gauss through proton hyperfine interaction), the narrow line

width that we observe would only be consistent with the

detection of a low-pressure paramagnetic gas occluded in a

solid.

We recorded the spectrum in Fig. 4a under optimized

conditions for the detection and resolution of satellite lines
Please cite this article as: Hagen WR, Mills RL, Electron paramagneti
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whose existence was indicated by the small periodic peaks in

thewings of the spectrum in Fig. 3b. Thus, the fine structure of

the two central lines was slightly deformed by over-

modulation, and the data collection was extended to 40 h

with constant frequency monitoring for subsequent correc-

tion of individual 4-min traces for minor frequency drift. The

spectrumhas been reproduced completely in duplicate on two

different spectrometers in a lab of the spectrometer's manu-

facturer (Bruker, Billerica, MA, USA) [13]. The spectrum of

Fig. 4a is stable for at least two years; it is reproducible over 11

samples produced in 11 reactor runs (Fig. S6), and the spec-

trum of an empty tube is a straight baseline (Fig. S6).

In spin quantification (ESI) we find that a complete spec-

trum of high resolution, such as in Fig. 4a, represents an S¼ 1/

2 concentration of circa 2.6 mM if the paramagnet would be

homogeneously distributed over the sample volume. Trans-

mission electron microscopy (Fig. 1) and XRD show the Ga(O)

OH polymer to comprisemicro-spherical particles of the order

of 100 nm diameter with an estimated spatial occupancy of

roughly 10%. This wouldmake the actual concentration of the

H2(1/4) gas in occlusion very approximately 26 mM, which is

equivalent to a partial pressure of circa 6 � 10�4 bar, qualita-

tively consistent with the observed narrow EPR line width

[94,98]. Even if regular H2 would co-occlude at, say, atmo-

spheric pressure the small cross section for collision of mo-

lecular hydrino H2(1/4) would ensure a low collision frequency

in agreement with the observed line width.

Simulation of the fine structure in spectrum Fig. 3c indi-

cated the line shape to be Gaussian within the limitation set

by the overlap of individual lines. The sets of satellite lines are

better separated, and analysis of the first down-field triplet
c resonance proof for the existence of molecular hydrino, Inter-
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Table Ie Comparison of experimental and theoretical EPR
peak positions of molecular hydrino. The experimental
magnetic-field values are taken from the spectrum at
9.82029 GHz (Fig. 4a) as peak positions of the center line of
11 multiplets. The theoretical values [92] are due to the
electron spin-orbit coupling splitting energies for
downfield and upfield spin-orbit coupling quantum
numbers m ¼ 0, 0.5, 1, 2, 3, 4. All values are in gauss.

m experimental theoretical difference

4 3480.5 3481.24 �0.74

3 3486.8 3486.50 0.30

2 3491.7 3491.39 0.31

1 3495.7 3495.93 �0.23

0.5 3498.5 3498.06 �0.44

0 3500.4 3500.10 0.30

0.5 3502.3 3502.10 0.20

1 3504.0 3504.09 �0.09

2 3507.8 3508.09 �0.29

3 3511.5 3512.08 �0.58

4 3517.3 3516.08 1.22

Average (st. dev.): �0.004 ± 0.550

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x6
clearly shows the line shape to be essentially Gaussian (Fig

S7). This implies inhomogeneous broadening, consistent

with the power-saturation analysis (Fig. S5), and could be

caused by interaction of hydrino molecules with the inner

‘wall’ of the inorganic polymer cage. In turn, this would imply

the real lifetime line width from gas collision to be signifi-

cantly less than the observed 170 mG inhomogeneous line

width.

Interpretation of molecular hydrino EPR

Molecular hydrino comprises two protons at the foci of a two-

electron prolate spheroidmolecular orbitalmembrane, and an

absorbed photon. The latter splits into two photons that are

phase locked with the oppositely directed current patterns of

the two electrons each consisting of an angularly distributed

infinite ensemble of closed grand ellipse filaments of moving

charge of an equipotential, minimum energy membrane sur-

face [92]. Under this model exact solutions of a fine structure

in the EPR ensues with parameters whose predicted magni-

tudes can be tested against experimental values.

The unique electronic structure results in one para-

magnetic and one diamagnetic electron. The former induces a

current in the latter by means of spin-orbit coupling resulting

in a split of the original resonance into two lines separated by

a frequency-independent interaction, which is for H2(1/4)

predicted to be ofmagnitude 3.9943 gauss with the field center

of the two lines corresponding to the original g value of

2.00464 [92]. Experimentally we observe two lines of equal

intensity separated by 3.9 gauss whose center is found at

g ¼ 2.0045(6).

Linkage of magnetic flux by the electron is quantized in

units of themagnetic flux quantum 40¼ h/2e, which results in

a sub-line pattern of each of the two main lines with a pre-

dicted separation of 0.311 gauss [92]. The observed separation

is 0.32 gauss.

Similar to the case of excited-states of the regular H2

molecule, the two electrons in H2(1/4) may rotate relative to

each other along the semimajor axis during a spin transition.

The relative rotation is quantized in terms of m integer units

of ħ in opposite directions with the spin-orbit splitting in

frequency-independent field units equal to ± m times twice

the splitting between the two main lines, that is ±m � 7.9885

gauss. Additionally, the unpaired electron must link the

magnetic flux component corresponding to spin-orbit

coupling. This flux contribution increases the magnetic en-

ergy and the energy of the combined spin flip and spin-orbit

coupling transition energy for a given spin-orbital quantum

numberm. Thus the downfield spin-orbital splitting peaks are

shifted further downfield by the corresponding magnetic en-

ergies, whereas the upfield spin-orbital splitting peaks are not

shifted since they correspond to emission of the spin-orbital

coupling transition energies alone.

Furthermore, each of these satellite lines is split through

the linkage of magnetic flux during a spin transition, and the

exact solution of the splitting is circa 0.62 gauss for |m|¼ 1 and

circa 0.93 for |m| > 1 where the latter lines follow an intensity

pattern Imþ1/Im ¼ m/(mþ2). The predicted details [92] of this

complex pattern of split satellite lines asymmetrically

grouped around a g value of 2.00464make up a stick spectrum
Please cite this article as: Hagen WR, Mills RL, Electron paramagneti
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that, when convoluted with a Gaussian derivative, forms a

semi-quantitative reproduction of the experimental spec-

troscopy (Fig. 4b and Table I).

Checks on consistency of EPR interpretation

Unequivocal interpretation of complex EPR spectra typically

requires analysis of data taken at more than one microwave

frequency. The magnetic model of molecular hydrino H2(1/4),

providing a basis for interpretation of the EPR, predicts a

number of features to be either dependent or independent of

microwave frequency. These predictions can be checked in

separate experiments as consistency tests. The g value of

2.00464 in between the two main lines is a real g value and

thus its field position should be linear in the microwave fre-

quency. Contrarily, all fine structure splittings are predicted to

be constant in field units and thus independent of the

frequency.

As a check we have taken data in Q-band at circa 35 GHz.

Here, practical complications arise resulting in reduced

signal-to-noise ratios. For S ¼ 1/2 systems, any spectrometer

operating in a frequency band different from X-band is

generally found to exhibit a significantly lower concentration

sensitivity. Furthermore, the maximal applicable intensity of

themicrowave is found to be limited (that is, the spectrometer

is not tunable at higher microwave powers) apparently due to

a relatively high dielectric permittivity of the Ga(O)OH

samples.

Fig. 5 shows two traces resulting from extensive averaging,

one taken under over-modulating conditions to emphasize

themain two-line pattern, and one taken at lowermodulation

amplitude in an attempt to resolve fine structure. Consistent

with the interpretation of the X-band spectrum we find a

doublet of lines whose spectral center has a real g value of

2.0046 and with a frequency-independent splitting of circa 4

gauss. Under the employed conditions, the underlying broad

signal has turned dispersive and thus shows up as an

absorption-shape feature. A lower modulation amplitude
c resonance proof for the existence of molecular hydrino, Inter-
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Fig. 5 e A 35 GHz frequency experiment as check on

consistency of the EPR interpretation: extensively averaged

Q-band spectra taken at two different modulation

amplitudes (MA) of 1 gauss (red) or 250 mG (blue). No fine

structure is resolved in addition to the two main lines

consistent with an inhomogeneous line width linear in the

microwave frequency. The central g value and the splitting

between the two lines in field units are identical to those

observed in X-band. See ESI for other experimental

conditions.
Fig. 6 e In-band dual frequency experiment as check on

consistency of the EPR interpretation. Trace a: extensively

averaged intra X-band experiment at two frequencies,

9.4629 GHz (red) and 9.8209 GHz (black). Each field point of

the red spectrum is frequency transformed to that of the

black spectrum where the overlay shows that only the

center of the two main lines is a real g value. In trace b the

red spectrum is shifted in its entirety to a higher field for

maximal overlap with the black spectrum. Here the overlay

proves that there is only a single real g value and that all

other features are constant in the field.
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does not afford resolution of the two-lines’ fluxonal fine

structure, which indicates that the spectral line width has

increased with frequency. This is in fact consistent with our

previous conclusion (cf. Fig 2c and Fig. S7) that the line shape

is Gaussian due to inhomogeneous broadening, which implies

a line width in field units linear in frequency [99].

Since the signal-to-noise ratio in Q-bandwas insufficient to

detect the satellite lines, and since attempts to measure the

samples in other frequency bands were hitherto unsuccessful

(not shown), we took data at two, well-separated frequencies

within the X-band thus allowing for comparison of high-

resolution spectra with the trade-off of reduced frequency

resolution (Fig. 6ab). Data taken at 9.46 GHz were transformed

for comparison with data taken at 9.85 GHz in two ways: (1)

frequency-ratio conversion of every digital point of the field

axis, and (2) single-valued overall field shift to create maximal

overlap of the two spectra. In the first method all real g values

will overlaywhile features constant in the fieldwill mismatch.

In the second method all features of a fine-structure pattern

constant in the field will overlay when the selected field point

of conversion corresponds to the g value of that pattern.

Fig. 6a gives the result of the first method: all features

mismatch except for the spectral center at g ¼ 2.0046, there-

fore the latter is the only real g value and all other features are

from frequency-independent hyperfine interactions. Fig. 6b

gives the result of the second method: all lines match,

including all satellite lines and all fluxon sub-lines of the two

main lines, therefore all features are from frequency-

independent hyperfine interactions and they all share a sin-

gle, common g value.

Search for alternative interpretation of the EPR

Alternative to the hydrino analysis in Fig. 4b the spectrum in

Fig. 4a can also be approximately reproduced under a con-

ventional phenomenological spin Hamiltonian assuming an

unusual combination of two isotropic radicals of unequal
Please cite this article as: Hagen WR, Mills RL, Electron paramagneti
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intensity each with a g value of 2.0046. This model would

require the two main lines to be due to an isotropic S ¼ 1/2

system split by an I ¼ 1/2 nucleus with Aiso z 3.9 gauss with

additional hyperfine structure form a combination of some

five nuclei the majority of which has also I ¼ 1/2. A second

S ¼ 1/2 system should give rise to the satellite lines due to a

different combination of five nuclei, one of which should have

I ¼ 1 (e.g. 14N) to account for the repeating triplet pattern (see

Fig. S8 for a detailed analysis).

In addition to the improbability of the above combination

of spin Hamiltonian parameters we consider this alternative

explanation of the EPR highly unlikely on the following

grounds. The reaction mixture only contains H2, O2, H2O, and

Ga. Even in the presence of trace contaminants we cannot

envision how the high-temperature plasma reaction condi-

tions and sample formation in strong aqueous base could lead

to the formation of stable radical structures of considerable

complexity. The ToF-SIMs, EDS, and XRD analyses also elim-

inate alternatives. Furthermore, since the sample is a solid, for

complex radicals one would expect to see anisotropy in the

spectra. In particular absorption-shaped peaks that comewith

axial or rhombic symmetry of the spin Hamiltonian are not

observed. Finally, when the sample temperature is lowered

below ambient, relaxation of the two main peaks becomes

distinct (Fig. S9), which would be hard to reconcile with a

nuclear hyperfine doublet assignment.
c resonance proof for the existence of molecular hydrino, Inter-
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Remaining questions

The GUTCP fit to the X-band spectrum of H2(1/4) is semi-

quantitative with an average error of 0.004 ± 0.550 gauss

over the 11 lines assigned to spin-orbital coupling splitting.

The actual positions of the satellite lines slightly deviate from

their predicted values (Fig. 4a, b and Table I). Also, the fluxon

separation for any given position does not quantitatively fit

the predicted value; in particular the separation is not a con-

stant. Also, the number and relative intensities of fluxon lines

for a given satellite line are presently not understood. Possibly

these small irregularities are caused by interactions of the

gaseous H2(1/4) with the wall of the polymeric Ga(O)OH

microspheres.

A broad signal underlies the molecular-hydrino assigned

spectrum. Its spectral center corresponds to the g value of

2.0046 within experimental error. Its temperature behavior is

very different from that of the hydrino-assigned spectrum

(Fig. S10). The origin and nature of the broad signal are pres-

ently unknown, however, a reasonable hypothesis would be to

assume that there are two phases of Ga(O)OH that encapsu-

late H2(1/4) wherein H2(1/4) is a near free gas in only one

phase. A scanning/transmission electron microscope (SEM/

TEM) used for imaging and selected area electron diffraction

(SAED) (Fig. S3) showed that the H2(1/4)@Ga(O)OH sample

comprised two different morphologically polymeric crystals

of Ga(O)OH, a hexagonal crystalline structure that was very

sensitive to the TEM electron beam, and rods having ortho-

rhombic crystalline structure that were not electron beam

sensitive. The rod crystal morphology and crystalline struc-

ture match those of the literature for control Ga(O)OH that

lacks gaseous molecular hydrino inclusion [91]. The XRD

crystal system for tsumgallite (control Ga(O)OH) is ortho-

rhombic. The hexagonal phase is likely the source of the fine

structure EPR spectrum, and the orthorhombic phase is likely

the source of the broad background EPR feature. Cooling

selectively eliminates, by microwave power saturation, the

observed near free-gas-like EPR spectral behavior of H2(1/4)

trapped in the hexagonal crystalline matrix. In addition to

wall interactions, deviations from theory could be due to the

influence of the proton of Ga(O)OH and those of absorbed

water. Also, matrix orientation in the magnetic field, matrix

interactions, and interactions between one or more H2(1/4)

could cause some shifts.

Deuterium substitution was performed to eliminate an

alternative assignment of any EPR spectral lines as being

nuclear split lines. Rotational-nuclear interaction was pre-

dicted to be absent since the experimentally confirmed

theoretical rotation energy of H2(1/4) is 16 times that of H2,

too high to be excited at ambient temperatures [12,13]. The

EPR spectrum of the deuterated analog HD(1/4)@Ga(O)OH

showed a singlet with no fine structure (Fig S11); thus,

eliminating any possible nuclear splitting assignment. The g

factor and profile matched that of the singlet of H2(1/4)

@Ga(O)OH wherein the singlet in both cases was assigned to

the orthorhombic phase. The XRD of the deuterated analog

matched that of the hydrogen analog, both comprising
Please cite this article as: Hagen WR, Mills RL, Electron paramagneti
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gallium oxyhydroxide. TEM confirmed that the deuterated

analog comprised 100% orthorhombic phase [91]. The phase

preference of the deuterated analog may be due to a different

hydrino concentration and kinetic isotope effect which could

have also reduced the concentration.
Conclusions

A plasma reaction has been carried out intended to produce

molecular hydrino using non hydrogen bonded water as the

catalyst and with liquid gallium as one of the electrodes.

Polymeric Ga(O)OH with a spherical particle structure, pre-

sumably containing H2(1/4), was purified from the reaction

mixture. H2(1/4) is proposed to be an S¼ 1/2 paramagnet with

complex fluxonal and spin-orbital coupling sub-level struc-

ture. The solid Ga(O)OH compound exhibits a complex gas-

phase X-band EPR spectrum at ambient temperature whose

fine structure semi-quantitatively agrees with hydrino-

theory predictions. This analysis is consistent with

frequency-dependent studies, while alternative, conven-

tional interpretations are judged to be extremely unlikely. In

summary, the present study provides compelling EPR spec-

troscopic and gas chromatographic evidence for the exis-

tence of molecular hydrino, and, by inference, for the reality

of atomic hydrino, and it provides plausibility of the electron

model in GUTCP. In more general terms our results are a

significant test against falsification of GUTCP. In view of the

possible far-reaching implications of this conclusion for the

theory of quantum mechanics, for hydrogen-related chem-

istry, for astrophysics of dark matter, and for energy trans-

duction and production technology, it is also offered as an

urgent invitation to academia at large to repeat and extend

the described experiments in lieu of refutation on quantum

mechanical theoretical grounds. An early version of the

present paper has been posted on a preprint server [100].
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