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ABSTRACT

The objective of the present article isto study the behaviour of Polyeth-
ylene oxide in aqueous solution exposed separately to a 50 Hz electro-
magnetic field (EMF) at theintensity of 1 mT and to 900 MHz microwaves
at the average magnetic flux density of 16 mA/m.

Fourier transform infrared spectroscopy was used to investigate the al-
terations of the vibration bands in PEO induced by exposuresto EMFs.
The 3000-1000 cm™ region was investigated, involving the stretching
vibrations of ether band, C-H symmetric-antisymmetric and wagging vi-
brations of methylene groups, and in particular the C-O-C stretching
band.

A decrease in intensity of symmetric and asymmetric stretching CH, vi-
bration bands was observed after exposures to 50 Hz EMF and MWSs,
The C-O-C stretching band around 1080 cm™ resulted to increase in
intensity after exposures. Thisresult can be attributed to the increase of
formation of theintermol ecular hydrogen bonding occurred in PEO aque-
ous solution after exposure.

In addition, an increase of the methylene wagging vibration at 1349 cnr!
band was observed in exposed sample spectra, that can be related to a
decrease of the PEO crystalli zation processinduced by exposureto EMFs,
which is in well accordance with the conclusion that hydrogen bond
increases in PEO aqueous solution under exposure to EMFs.
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INTRODUCTION

Polyethylene oxide (PEO) isone of the most ex-
tensvely studied water soluble polymerswhich canbe
cons dered thes mplest structure of water-soluble poly-
mers, becausethesmplicity of itsmacromol ecul€’s basic
forming unit, themonomer CH,CH,O.

Some vantages of water-solublepolymersarerep-

resented by their usein avariety of industrial and con-
sumer products such as polymeric surfactant, pigment
dispersantsor detergents.

Indeed, asgnificant interest in the devel opment of
drug ddivery vehiclesbased on polymer assembliessuch
asspherica micellesand vesiclesincreasedinthelast
decades™¥

In particular, these specific features makes poly-
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meric micellesasaggregates of PEO that aregood can-
didatesfor drug delivery purposes*®.

Furthermore, theinterest of researcher focused on
their usein biomedica goplicationg®”.

In particular, PEO ishiocompatibleand caninhibit
protein adsorption®9, Also, it can replace some
biopolymersand providesan insight to their behavior
andfunctiong?,

Thestructureof PEO micellesiswell described by
the core-coronamodel 24,

Previousexperimenta and theoretica researchhigh-
lighted that hydrogen bonding taking placein agueous
solutionsof PEO isimportant to understand the behav-
ior of PEO inwater’>18,

The presence of an oxygen atom changesentirely
the nature of theinteractions and therefore thethermo-
dynamicsof PEO when dissolved in various solvents.

When dissolved inwater, PEO ischaracterized by
hydrophobicinteractionsasthe CH, groupsrepel wa-
ter, and by hydrophilicinteractionsrepresented by hy-
drogen bonding of water moleculesto the oxygen at-
oms on the polymer. PEO can dissolvein water only
becausewater moleculesform asheath around the PEO
macromolecule.

Indeed, the hydrogen bond model hasbeen exten-
sively usedtointerpret the mechanism of thesolubility
of PEO inwater1®-21,

Hydrogen bonding playsalargerolein most bio-
logicd sudiesdueto the prevaenceof water itself and
O-H, N-H, S-H and P-H groups in most systems.
Hydrogen bonding weakens chemical bondsbetween
atomsand thereforeisresponsiblefor shiftsto lower
frequenciesand broadeningin absorption bands. Com-
pared with the pesk position of thefree-water, thebend-
ing vibration band of water would shift to the higher
wave-number after the formation of the hydrogen
bonds?.

Polymers structure have been accurately studied
using neutron scattering techniques®l.,

Furthermore, itisonly recently that the electrical
characteristics of polymershave beguntobestudiedin
detail.

Despite polymershavelow e ectronic conductivity,
more subtle effects can be observed such as space
charge, and someexperimental techniqueshavebeen
developed to evaluate el ectrical breakdown strength,
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didectriclossand permittivity!2,

Thisresearchled usto study the effectsof externa
el ectromagnetic fields (EMFs) on thevibration bands
of PEO using Fourier Transform Infrared (FTIR) spec-
troscopy. Indeed, infrared spectroscopy have already
been proved to be apowerful tool intheinvestigation
of thewater structuresinside polymeric material §27.
Vibration spectroscopy wassuccessful used to observe
the salf-association of surfactants and the coil-globule
transition of water soluble polymerg?#<7,

Hence, FTIR spectroscopi ¢ techniqueswere cho-
sentoinvestigatethealterationsinducedinthevibra-
tionbandsin PEO in agueous sol utions after separated
exposuresto a50 Hz EMF and to microwaves (MWS).

MATERIALSAND METHODS

Materials

Polyethylene oxide with Mw = 600000 was pur-
chased from SigmaAldrich (Milan, IT).

The polymer was dissolved at 20 mg/ml concen-
trationinbi-distilled H,O with gentle agitation at the
room temperature of 20°C.

Samplesof 250 puL of PEO aqueous solution were
congtituted at thisconcentration and immediately sub-
jected tothefollowing assays.

Experimental design
Part|: Exposureto5S0HzEMF

The exposure system consisted of a couple of
Helmholtz coils, with pole piecesof round pardle po-
lar facesto produceauniform magneticfidd at the center
of the coilsdistance, where the sampleswere placed,
asdescribed inY,

A coupleof Helmholtz coilswasused d soto gen-
erdetime-varyingeectromagneticfid dsat thefrequency
of 50 Hz by means of aAC voltage regulating up to
230 volt, following theexperimental designused in®2.

Thisenabledto changethemagneticflux density up
to 1 mT between the polar faces of the coils. Samples
of PEO aqueous ol ution were placed at thecentreof a
uniformfield areabetweenthecails.

Themagnetic field was continuoudy monitored by
amagneticfield probe (GM07 Gaussmeter of HIRST-
Magnetic InstrumentsLtd - UK) inthel and Il part of
theexperimentd design.
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Part |1: ExposuretoMWs

MWs were produced by an operational mobile
phone to which asound wastransmitted such as accu-
rately described in334,

Therelative sound spectrum analysis (at 1/3 oc-
tave band) of theenergy average sound level Legqwas
acquired by aprecision integrating sound level meter,
theLarson DavisLXT.

Samplesof PEO agueous solution were placed at
three centimetersfrom the mobile phone, and exposed
tothereative GSM 900 MHz microwaves.

Theintensity levelsof the EM F components pro-
duced by the exposure system were monitored by a
SRM-3000 instrument of Narda Safety Test Solutions.

The Spectrum Analysis mode of the device was
chosen aspreliminary analysisto detect the MWsfre-
guenciesva uesimpinging thethree axisantenna, and
theintensities of the e ectromagnetic components of
MWswere continuoud'y monitored by TimeAnaysis
mode, asexplained in®,

Theaverageintensity of the magnetic component
produced by the exposure system was 16 mA/m dur-
ing exposure.

Ana ogue unexposed sampleswerelocated inthe
sameroom at thetemperature at 20° C and were used
asthecontrol for thethree experimental design.

I nfrar ed spectroscopy

FTIR absorption spectrawere recorded at room
temperature by aspectrometer Vertex 80v of Bruker
Opticsand theattenuated totd reflection (ATR) method
has been chosen for spectrum collection.

PEO agueous solution (20 mg/ml) sampleswere
placed between apair of CaF, windows separated with
a 25 um Teflon spacer. For each spectrum 64 inter-
ferograms were collected and co-added by Fourier
transformed empl oying aHapp-Genzel apodization
function to generate aspectrum with aspectral resolu-
tion of 4 cm in the range from 4000 cm'* to 2000 crm»
1 IR spectraof water solution were subtracted from
the spectraof PEO solution at the corresponding tem-
perature.

Each measure was performed under vacuum to
eliminated minor spectral contributionsdueto residua
water vapor and smoothing correction for atmospheric
water background was performed. IR spectrawere
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baseline corrected and areanormalized for exposed
and control samples, using vector normaization, calcu-
lating the average va ue of the pectrum and subtracting
from the spectrum decreasing the mid-spectrum. The
sum of thesquaresof all valueswasca culated and the
spectrum divided by the squareroot of thissum.

Interactive baseline rubberband correction was
used to subtract baselines from spectra. Thismethod
also uses arubberband which is stretched from one
spectrum end to the other, and the band ispressed onto
the spectrum from the bottom up with varying intensity.
Thismethod performsiteratively, depending onthenum-
ber of iterationsin the agorithm and thebaselineasa
frequency polygon consisting of n baselinepoints. The
result spectrumwill betheoriginal spectrum lessthe
baselines points manually set and asubsequent con-
cave rubberband correction. The values of n = 50
baseline pointsand 50 iterationswere used.

Satistical analysis

Statistica analysswascarried out using Student’s
t-test for comparisons between two groups, with P-
vaueslessthan 0.05 considered sgnificant.

RESULTSAND DISCUSSION

Thisinvestigation isbased upon the study of the
interaction between an applied dectricfiddand thedi-
polemomentsof PEO inagueoussol ution. Indeed poly-
mersarepopular dielectricinsulators.

Different samplesof 250 pul of PEO in bi-distilled
water aqueous sol ution, prepared asdescribed inthe
preceding section, were exposed for 2 hoursto a50
Hz EMF of 1 mT, andto 900 MHz MWsat the aver-
ageintensity of 16 mA/m, at theroom temperature of
20°C.

Analogue unexposed sampleswere used as con-
trol, at the sametemperature.

Exposureswere repeated twelve timesto ensure
satisticd sgnificanceof theresults.

Representative exposed and not exposed FTIR
spectrain theregion 2800-3000 cm* obtained after 2
hours of exposureare showed inFigure 1.

Two relevant vibration bands appeared to change
inthat range: the band around 2850 cm and the peak
at 2925 cmr! that are due to the symmetric stretching
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(CH,) and to the asymmetric stretching (*CH,) of themethylene group, respectively*3,
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Figurel: Arepresentativespectrumin theregion 3000-2800 cm*of PEO in bi-distilled water solution. Thevibration
band around 2850 and 2925 cm (indicated by arrows) are duetothe symmetric stretching and asymmetric stretching of
themethylene group, respectively. Their intensity decr eased significantly after exposuresto50HzEM Fandto 900 M Hz
MWSs, whose spectral linesarerepresented by red and pur plecurves, respectively. The control spectrumisrepresented

by theblueline.

There appears astheintensity of CH, bands de-
creased strongly for PEOin bi-distilled water solution
after exposuresto 50 Hz EMF and to MWs, whose
spectra linesarerepresented by red and purple curves,
respectively (thecontrol spectrum isrepresented by the
blueline).

Thedecreaseinintensity of CH, bandsafter expo-
surewassignificantly different in comparison to con-
trols(p<0.05).

Vibration bands of CH, group areforeseen a higher
wavelength, wherethe decrease of CH, groupsafter 2
h of exposure to 50 Hz EMF and to MWs was ob-
served, aswell.

Thestrong vibration bandsaround 1465 cm'?, rep-
resented in Figure 2, appears splitted into two bands
and can be assigned at CH, scissoring vibration
bandg®4,

Spectral changes occurred a so in thedomain of
1200-1000 cm™, where a strong band around 1080
cm* was observed, which can be assigned to the C-
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O-C stretching vibration!*142,

Theformation of ahydrogen bond producesthat
lone pair € ectrons on the oxygen atom arewithdrawn
by the hydrogen atom of water, inducing areduction of
electron density on the C-O bond which generates a
red shift of the C-O—C stretching band from 1113 to
about 1080 cnri#3,

It representsthe strongest band of the C-O—C link-
ages and its bandwidth broadeningindicatesthat poly-
mersin agueous sol ution have higher mobilityl.

Moreover, the band around 1140 cm™ can be
assigned to the dehydrated C-O—C bonds at 1130
Cm—l[45,46] .

Infact, theassignment of bandsfor PEO wascar-
ried out byt"“8 that used their FTIR apparatusto show
that increasing molecular weight caused the peaksto
shifttodightly higher wavenumbers.

C-O—C stretching band resulted to increase in in-
tensity after exposuresto the 50 Hz EMF and MW,
ascan be observed in therepresentative spectrumin

A udéan Journal



PCAIJ, 8(2) 2013

Emanuele Calabro and Salvatore Magazu 63

—=  Pyl] Peper

Figure 3; thischangewas significantly different in comparisonto controls(p < 0.01).
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Figure2: Arepresentativespectrumin theregion 1500-1300 cm*of PEO in water solution. Thestrong vibration band
around 1465 cm*issplitted in two bandsand can beassigned at CH, scissoring vibration bands. The 1349 cm™ peak is
related tothe EO methylenewagging vibr ationsof the gauche confor mation. Red and pur plecurvesrefer to sampleexposed
to50Hz EM F and 900 M Hz M W, respectively. The control spectrumisrepresented by theblueline.
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Figure3: Arepresentative spectrumin theregion 1200-1000 cm*of PEO in water solution. Theband around 1140 cm* can
beassigned tothedehydrated C-O—C bond and the strong band around 1080 cm can be assigned to the C—O-C stretching
hydrated bond. Red and purplecurvesrefer to sampleexposed to 50Hz EM F and 900 MHz MW, respectively. Thecontrol

spectrumisrepresented by theblueline.
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Theseresults, were observed after exposureup to
4hours, aswell.

Aswater isadded to form PEO aqueous solution,
the hydrophobicblock CH,, isinsoluble and collapses
toformthemicelecoreand it isencapsulated into the
micdles

In contrast, thedehydrationin themicellization pro-
cesscould beinferred by the FTIR spectral analysis
from alow shift of thefrequency of the C-O—C stretch-
ing band toward higher wavenumbers.

The observed increase of the carbonyl stretching
vibration C-O—C around 1080 cm* after exposureto
EM Fscan beattributed to theincrease of formation of
theintermolecular hydrogen bonding occurredin PEO
aqueous sol ution after exposure.

The vibration bands at 1359 and 1342 cm™ did
not appear in the spectra; these bands are associated
with CH, wagging motionand arecharacteridticfor crys-
talline state of PEO“?,

The 1359 and 1342 cm™ doublet in PEO spec-
trumisreplaced by thesingle 1349 cm™ band in PEO
aqueous solution, ascan beobservedin Figure 2.

The 1349 cm? peek isrelated to the EO methylene
wagging vibrationsof thegauche conformation, whereas
thoseat 1362 and 1340 cm? providesinformation about
thetrans conformation of EO segmentg*475%, These
changesinintensty indicatethat the proportion of trans
conformation of EO segmentsdecreases, whilegauche
conformation of EO segmentsincreases.

Theincreaseof 1349 cm™ band after exposureto
50 Hz EMF and MWs can be observed in the typical
spectrumrepresented in Figure 2; it suggestsadecrease
of the PEO crystalization processduring EMFsexpo-
sure. Hydrogen bonded C-O groups changed accord-
ingly with methylenegroups of gauche conformation,
following Noda’s rulet®+52,

Thisresultisinwell accordance with the conclu-
sion that hydrogen bonding in PEO aqueous solution
increasesduring exposureto EMFs.

Hydrogen bonds are theresults of adelicate bal-
ance between el ectrostaticinteractions, exchangeand
dispersion forces, that can be altered by an external
EMF.

Indeed, asimulation showed astheattractive elec-
trostatic interactions between the positive water O-H
bond and the negative PEO lone pairsisthedriving
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forcefor the hydrogen bonding on PEO-water!>3.
CONCLUSION

FTIR spectroscopy evidenced thedterationsof the
vibration bandsin PEO in agqueous sol ution induced by
separated exposuresto a50 Hz EMF at theintensity of
1 mT andto 900 MHz MWsat the average magnetic
flux density of 16 mA/m.

Theinfrared regionin therange 3000-1000 cm™
wasinvestigated, giving more attention to the 1400
1000 cm region, involving the stretching vibrations of
ether band, C—H wagging vibrations of EO methylene
groupsand C-H symmetric deformation vibrations of
PO methyl groups.

A decreaseinintensity of symmetric and asymmet-
ric stretching CH, vibration bands around 2925 and
2850 cm', respectively, was observed after exposures.

The C-O-C stretching band around 1080 cmin-
creased inintensity after exposurestothe50Hz EMF
and MWs. Thisresult can beattributed to theincrease
of formation of theintermolecular hydrogen bonding
occurred in PEO agueous sol ution after exposure.

Inaddition, anincrease of themethylenewagging
vibration at 1349 cm band was observed after expo-
sureto EMFs, that can berelated to adecrease of the
PEO crystalli zation process during exposure, showing
ashydrogen bonded C-O groups changed accordingly
with methylenegroupsof gauche conformation.

Thisresultsled to the conclusion that hydrogen
bondingin PEO aqueous solution increasesduring ex-
posureto EMFs.
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