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The refractive index of water was measured at atmospheric pressure under magnetic fields up to 10 T and
found to increase by0.1% with increasing magnetic field strength. In contrast, the refractive index of saturated
aqueous electrolyte solutions decreased under the magnetic field. In the cekexane, any change of the
optical property by the magnetic field was not found. A possible explanation is that the lifetime of the hydrogen
bond is prolonged due to the electron delocalization of a water dimer under the magnetic field.

Introduction properties of water itself by this sensitive device. In this paper,
the effect of the high magnetic field on the refractive indices
of water and several aqueous electrolyte solutions is studied in
order to obtain insight into the static structure of water.

Water is the most ubiquitous liquid on the earth and
indispensable for life and the environment. Water has many
peculiar properties, including large heat of vaporization, high
boiling and melting temperatures, and high solubility for charged
and polar moleculeksThe distinctive features of liquid water
are mainly due to the three-dimensional hydrogen-bonding The refractive indexr) of water was measured by two
network. Recent works on water have been extended toMmethods, namely, SPR and position-sensitive detector (PSD),
dynamical structure studied by ultrafast laser technigdes, asshownin Figure 1 (notto scale) as a function of the magnetic
theoretical studie$;6 and the relaxation dynamics of the field. All the measurements were carried out at ambient pressure
interfacial water near the protein surface based on neutronand temperature of 25.0C stabilized within+1 °C. The
scattering. Other recent topics are collected in the literature. refractive indices of agueous electrolyte solutions were measured

While a wealth of studies on water and solutions by light by the SPR method.
absorption and scattering experiments have been reported, we Figure la shows a setup using an SPR sensor (Spreeta
pay attention to the refractive index of water in this work. PTSPR1A170100, Texas Instruments, Inc.), which is based on
Recently, several convenient commercial sensing devices basedne resonance between the evanescent wave and the surface
on the surface plasmon resonance (SPR) have been devélgped, Plasmoni®'? The sensor consists of a light-emitting diode
which can determine the refractive indices of liquid samples (AlGaAs, 840 nm), a molded epoxy waveguide, a sensing area
with very high sensitivity An/n < 1075). Recent development (50 nm gold film), and a photodiode array. The resolution of
of the SPR sensor and its application especially to the chemicalthe refractive index is 5 10~°. Because of the rapid damping
and bio'ogical sensor iS reviewed by Homola e? alls also Of the evanescent wave, thIS deV|Ce IS sensitive to the th|n Iayer
promising and important for the applications to study the basic Of the analyte material at the vicinity of the interface. Typical

thickness is 400 nm for the wategold interface'? A recom-
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Figure 1. Two experimental setups for measuring the refractive indices of water and aqueous solutions (not to scale). Both measurements were
carried out under the magnetic fields up to 10 T using a superconducting magnet. (a) A schematic diagram using a commercial surface plasmon
resonance (SPR) sensor. The sensor comprises a light-emitting diode, a molded epoxy waveguide, a sensing area, and a photodiode array. (b) A
setup using a HeNe laser, a quartz cell, and a PSD.

1.333 000. The literature value of the refractive index of water ~ 1.3350

at 840 nm and 25.0C is 1.327 962 and thus the refractive

index measured by the SPR method in this study contains a

slight constant difference from the literature. This difference, ¥

however, should not affect our considerations and conclusions. = | v SPRresults ]

The sensor was placed at the magnetic center of a supercon® v e

ducting magnet (JMT-10T150, Japan Superconductor Technol-;1 3340 v

ogy, Inc.), which generates the magnetic field up to 10 T. The > '+

sensor was positioned so as the gold film is perpendicular to

the magnetic field. -
Another setup using a HeNe laser (633 nm) and a PSD b4

obtained from Hamamatsu Photonics K. K. was used in order 3_5

to measure the refractive index of bulk water and elucidate any g—i 1.3320

sgrface gﬁect; for the SPR measurement. A quartz. sample cell 4 3330 ? ]

with a dimension of 12.5¢ 12.5 x 45.0 mn# including the -

quartz wall thickness of 1.25 mm was placed at the magnetic 0 2 4 6 8 10

center with a tilting anglef) between the cell and the laser

beam. The laser beam passing through the cell is deflected, and B/T

the displacement of the optical path is detected by the PSD. Figure 2. Refractive index of pure water plotted as a function of the

The refractive index of water is obtained from the displacement, Magnetic field obtained by the PS®Xsetup and the SPRY{ setup.

0, and the refractive index of water at 633 nm; 1.331:%8he

small difference of the optical path due to the quartz cell itself

is also taken into account. By_ variation of the t||t|n_g af_‘ﬁ'e effect on water at the vicinity of the interface or the difference
(70, 73, 75, and 77, the consistency of the refractive index ut the dielectric constant between the wavelengths of 840 nm
obtglned was checked an4d the experimental erovr() was (SPR) and 633 nm (PSD). The temperature derivative of the
estimated to be=1.5 x 107" , refractive index of water is~1 x 1074 deg! at room
Ultrapure water was prepared by a commercial water yomneratyre in the visible region around 600 Hrim the current
purification system (Direct-Q 5, M|II|p_ore Corp., 18.299/Icm). study, the increase ofispr and npsp at 10 T exceeds the
NaCl and NiCh (Wal§o Pure Chemu:ql. Industrles, L., G,R temperature fluctuation effects. Thus, the refractive indices of
grade) were used without further purification. The refractive o, of the vicinity of the interface and the bulk are increased
index ofn-hexane (Wak_o Pure Chemical _Indu;tries, Ltd., 99.5%) by the magnetic field effect.
was also measured without further purification. A possible explanation for the increase of the refractive index
of water is that the hydrogen bond is stabilized under the
magnetic field. From a classical electromagnetical point of view,
The dependence of the refractive index of pure water on the diamagnetism is explained by the antiparallel magnetization of
magnetic flux densityB) is shown in Figure 2. The refractive  a molecule to the external magnetic field by the electromagnetic
indices measured by the SPR setwprispr and the PSD setup  induction. It is well known that Pauling explained the diamag-
(®, npsp) show increases by 1.8 1072 (0.14%) and 1.3x netism of aromatic hydrocarbons by a molecular-size ring
1072 (0.09%) at 10 T, respectively, from the ones in the absence current modet? Since diamagnetism of a molecule depends on
of the magnetic field. The increase pfpr is slightly larger the extent of electron distribution, the electron delocalization

b
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than that ofnpsp. The origin of this discrepancy is unclear at
this time, even though this could be attributed to the magnetic
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Figure 3. Refractive index oh-hexane plotted against the magnetic
field (®) measured by the SPR method. The refractive index of water
measured by the SPR method is reproduced for clamdy (
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of hydrogen-bonded molecules should increase its diamagnetism.
Therefore, the hydrogen bond should become more stable unde
the magnetic field. Iwasaka et &lfound that the frequency of
the higher harmonic vibrations of water shifts toward the longer
wavelength under 14 T. In comparison to the spectra of water
at higher pressures, they suggested the enhancement of hydrogen I v
bond under the high magnetic fields. The enhancement of 1.3350 Y
hydrogen-bond strength should lead to the change of the £ 2
electronic absorption, which affects the refractive index in the
near-IR region. According to the electronic spectra of ice in i i
the vacuum ultraviolet regiot¥,the increase in the absorption C T
of the first electronic excited states of the crystalline hexagonal 1.3340
ice from the one of amorphous ice was observed. The increase X v
in the absorption due to the formation of hydrogen bonds should
cause the increase of the refractive index via the Kramers
Kronig relation. The present observation strongly indicates that
the lifetime of hydrogen bonds is prolonged.

In Figure 3, the refractive index ofhexane ffhexang is plotted
againstB (®) measured by the SPR method. The result of pure
water fivate) by the SPR method is reproduced for clariw) ( B/T
While nyatergradually increases witB, nhexanedOes not change  Figure 4. Refractive indices of aqueous solutions of 2.5 M Ni(),
up to 10 T. This difference supports the hypothesis that hydrogen5.0 M NaCl @), 0.40 M NiCk (@), and 0.50 M NaCl®) plotted against
bonds are stabilized under magnetlc fields. |\/|Or'e0\/erl the the magnetic field, measured by the SPR method The refractive index
refractive index of ethanol under the magnetic field (unpublished ©f Pure water measured by the SPR method is again reproduced for
data) was measured and shows little dependencB. orhis clarity (¥)-
may mean that although ethanol forms hydrogen bonds, they
are not stabilized significantly under the magnetic fields since < 5.0 M NaCl (0.034)< 2.5 M NiCl, (0.035). It is intriguing
number of hydrogen bonds per molecule for ethanol is smaller that the increase of the refractive index is dominated by][ClI
than that for water. at higher concentrations. The color of the aqueous Ni@lution

Figure 4 shows the dependences of the refractive indices ofis green due to the formation of [Nigd)e]2",1” and therefore
aqueous electrolyte solutions @as measured by the SPR its refractive index is expected to be dependent o [Niue
method. Each mark represents the following electrolyte solu- to the Kramers-Kronig relations. The results, however, show
tions: NaCl solutions at concentrations of 5.0 M) @nd 0.50 the refractive index depends more strongly on-[Ghan on
M (O) and NiCb solutions at concentrations of 2.5 MY and [NiZ"] and [Na'] at higher concentrations. The solutions of 2.5
0.40 M (@). The refractive index of pure wateme) is again M NiCl, and 5.0 M NacCl are near the saturation; NaCl/aq, 5.6
reproduced for clarity ¥). The figure indicates that (1) the M and NiCk/aq, 6.0 M. At this concentration, the solution is
refractive indices of electrolyte solutions increase with the dominated by ionic atmospheres, and the extent of ion-pair
increase of its concentration in the absence of the magnetic fieldformation becomes largé. The refractive index at 840 nm
and (2) the slope of the—B curves is positive at lower  seems to correlate to Cl possibly due to the change or the
concentrations and negative at higher ones. appearance of the electronic states of @erturbed by ion-

Without the magnetic field, the variation of the refractive pair formation or complexation with cations. It should be noted
indices of electrolyte solutions from that of pure water increases that in the case of a concentrated Ni€blution, the formation
in sequence of 0.50 M NaCl (0.009) 0.40 M NiCl, (0.011) of [Ni(H.0)sCI] " is reported-®
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1.370 (m) the magnetic field of 10 T in Figure 5, as measured by the
- SPR method. Thénacs increases rapidly up te-0.5 M, and
above which it increases linearly in both of the absence and
the presence of the magnetic field. Ti@c—Cnaci curves at 0
and 10 T cross at 0.75 M (see the inset of Figure 5). The figure
clearly shows the occurrence of the tradeoff between two bearers
of the different magneto-optical behaviors at concentrations of
0.5-0.75 M.
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Conclusion

[ The refractive indices of water and aqueous electrolyte solu-
1.340 [ - N
| tions were measured. The refractive index of pure water under
H / 1 10 T increases by-0.1% from the one without the magnetic
_ﬁ 13420t field. It is proposed that the hydrogen bond of water is stabilized
1330 L. o+ . , . 050 , ., 10 under the magnetic field. Therefore, the optical properties of
0 1 2 3 4 5 the ultraviolet absorption and the refractive index should
. increase. Aqueous electrolyte solutions at higher concentrations
Concentration of NaCl /M show the decrease of the refractive index under 10 T, which is
Figure 5. Refractive index of the aqueous NaCl solution measured possibly explained by the formation of a hydrate complex or
by the SPR method plotted against the concentration in the absencean ion-pair containing more than one chloride ions.
(m) and the presenc®j of the magnetic field of 10 T. The magnified
view ranging from 0.50 to 1.0 M is shown in the inset. Acknowledgment. This work was supported by the Research
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The changes of the refractive indices of the solutions at 10 T pomotion of Science.
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