Aapec 3Toi ctatbu B MHTEpHeTe: www.biophys.ru/archive/spb2013/proc-p42.pdf

PACYET KOJINMECTBA HECTPYKTYPUPOBAHHbIX MOJIEKYJ1 BOAbl B BOAHbIX
PACTBOPAX C NMOMOLLBIO CNMEKTPAJIbHOIO AHAJIN3A
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denepanbHOe rocyaapcTBeHHOE yupexaeHme Haykn MHCTuTyT 6nodunsnkm knetkm PAH,
142290, Poccusi, MockoBckasi obnactb, r.MywmHo, yn. WHctutytckas, 4. 3, E-mail:
nvpenkov@rambler.ru

ans nccnenoBaHus CTPYKTYPpbl BOAbI NPUMEHSOTCA pasfnnyHble MeToAbl:
TepMoAMHaAMMYeCcKne, BUCKO3UMMETpUYECKMe, KoHAyKToMeTpudeckmne, SAMP, aunanekTpuyeckas
cnekTpockonus, UMK- n KP-cnekTpockonus, Y®-CNeKTpoCKONUs, PEeHTreHOCTPYKTYPHbIA aHanus,
andpakums HEATPOHOB, KOMMbIOTEPHOE MoAenMpoBaHMe n ap. B psay nepeuyncneHHbIXx MeToAoB
Hanbonee MHMOPMATMBHBLIMKU SABNAKOTCS CNeKTpockonuyeckme. CrnekTpasibHble XapaKTepUCTUKMK
BelwecTBa 4YyBCTBUTESIbHbI K J106bIM CTPYKTYPHO-AWHAMUYECKUM U3MEHeHuaM. K Tomy xe
yacTtoTHass ob6nacTb, B KOTOPOM MNpPOBOAATCA WCCNeAOBAHUS, OTpaxaeT BpEMEHHble U
JHepreTnyeckme XxapakTepUCTUKM MPOLECCOB, MPOSBASIOWMXCA B crekTpax. Kaxabih y4acTok
CneKkTpa HecéT cBok MHMOpMaUMIo N nMeeT cBoM 0cobeHHOCTW.

Mpn wnccnenoBaHMM  CTPYKTYPHbIX XapaKTEPUCTUK BOAbl  CMeKTpasbHbIMKM  MeToAaMu
Heobxoanmo obpaTuUTb BHMMaHMe, Mpexnae BCero, Ha 4acTtoTHble 06nacTu, XapakTepHble ANns
HaAMOMeKyNsapHbIX TUNOB BO36yxaeHns. O6WenpuHATO BbIAENATb TPU TakMX npouecca:

1. [Oebaesckas penakcauusa (R1), c makcumymom B6m3m 0.6 cm ™,

2. rnornepeyHas TpaHCNsAUMOHHAas KonebaTenbHas Moga (T1) B6am3m 50 cm !,

3. npoAonbHasa TPaHCIAUMOHHas konebatenbHasa moga (T2) - okono 180 cm ™.

Ho B nocnegHee BpeMs B psaae pabot [1,2] 661710 OTMEYEHO, UTO penakcauMoHHbIE NPOLECCHI
B BOAE M BOAHbIX pacTBopax He MOryT 6biTb ONMCaHbl KIacCMYEeCKOMN penakcaumoHHON dyHKUnen
C 04HWM BpeMeHeM penakcauun. Okasanocb, YTO Mo BbICOKOYACTOTHbIM "KpblioM" aebaeBckoro
nmka R1 pacnonaraetca ewé opgHa o6nacTb AUCNEPCUMU  AUBMEKTPUYECKON  YHKLUMK
penakcaunoHHoro Tmna (R2), HO Kakue npoueccbl OHa oTpa)kaeT, 40 CUX MOpP He SACHO.

B Hawen paboTe 6bi1 NpoBeaeH CUCTEMHbIA aHANN3 CNeKTpasbHbIX XapaKTEPUCTUK BOAbl U
psAa BOAHbIX pacTBOpOB B 06/1acTM 4acToT, XapaKTepHblX ANS9 HAAMONEKYNSPHbIX TUMOB
AvHaMmuky (0-200 cm ).

CnekTpbl MponyckaHusa BoAbl U BOAHbIX pacTBOpPOB B AMana3oHe 5-200 cM™ Mbl n3mepsnu
camocrtosiTenibHO (Ha TeparepuoBoM crnekTpomeTpe TPS Spectra 3000, Teraview; n UK-Oypbe
cnekTpomeTpe Vertex 80, Bruker), a cnekTpbl B Anana3oHe 0-5 cM™ 6panu M3 nuTepaTypbl.
Hapsgy C u3MepeHMeM CrnekTpoB, CTPOWIN MOAENbHblE CMeKTPbl, B KOTOPbIX Y4YUTbIBaIU
yKasaHHble Bblle 4eTblpe obnactn aucnepcumn. PenakcauMOHHbIE MNOMOChbI  OMUCHLIBaNU

o v Aglz ~ A12
nebaesckon pyHKkumnen: ——=—, a KonebartesibHble — TOPEHLEBCKON: ——————.
—lor, W, —0" —lwy,
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[danee nposoaunu npoueaypy GUTUHra MOAEsbHbIX CMEKTPOB K CreKTpaM, MOoJlyYeHHbIM
3KCMepuMeHTanbHO. Takmm ob6pa3oM, OblM  MONy4YeHbl MNapaMeTpbl KaXaoh w3  MoJnoc,
oTpaXkalolme MOJNEKYNSPHYK AUMHaMUKY BoAbl. OCHOBHOE BHWMMaHMe 6bII0 obpaleHo Ha
Manonsy4deHHyto nosiocy R2, To ecTb Ha nNapaMeTpbl Ag, (aMnanTyaa) n r, (BpeMs penaxkcauum).

B paboTte 6blna npoaHanmM3npoBaHa yKas3aHHbIM cnocobom npu 25°C Boga u cneaytouwme
BoAHble pactBopbl: 0,5M CaCl,, 1M NaCl, 1M KCI, 1M CsCl n 1M KBr. Oka3anocb, YTO BefIM4mHa
Ag, BO3pacTaeT B paay xnopugos: Ca®, Na', K*, Cs*; a Takxe B psaay conei kanusa: Cl-, Br-
YKasaHHble psabl, Kak NO KaTMoHaM, TaK M MO aHMOHaM COOTBETCTBYIOT psaaMm Xodmencrepa,
KOTOpble oTpa)kaloT ybbiBaHME CTENeHN CTPYKTYPMPOBaHHOCTM BOAHbIX PacTBOPOB B NPUCYTCTBUMU
YKa3aHHbIX MOHOB. TO ecTb, 4eMm 6onblle aMmMnauTyda nonocbl Ag,, TeM 6onee paspylleHa
CTpyKTypa BoOAbl. Bpemsi penaxkcaumm R2-nonocbl 7z, Cpeau BCEX W3YYEHHbIX PacTBOPOB

NnpakTU4yeckn He MeHseTcs. A CBA3aHHOe C 3TMM BpeMeHeM peflakcaumu MnonoXKeHue MakcMMmyma
nonocbl (=17 cM™) HaxoaMTca B6IM3U CaMON HU3KOYACTOTHOW JIMHUW MOMOLLEHUS B CMEKTPax
napos BoAbl (~18,6 cM ™), KOTOpaa OTpaXaeT AMHAMWUKY OAMHOYHbLIX MOJSIEKYN BOAbl. M3 BCcero
M3NI0)XKEHHOrO Mbl AenaeM 3ak/kdeHue, 4To R2-nonoca oTpaxaeT penakcaumto cBob6OAHbIX
MOJieKy1 BOAbl, MPUCYTCTBYHOLNX B HEBONBLLIOM KOJIMYECTBE B XUAKON dase.
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B sTOM cnyyae amnautyga R2-rnonocsl Ag, CBfI3@aHa C KOJINYECTBOM cBO6OAHbIX MOJIEKY

BoAbl. Mbl MOCTaBUAM 3a4ayvy onpeaenunTb 3Ty CBSA3b, TO €CTb NPEeAOXUTb Cnocob pacuéTta Aonm
cB060AHbIX MONEKYN BOAbI.

Onsa aTtoro Heo6xo4MMO pacCMOTpeTb MOoMSpU3auntd BOAbl B MOCTOSIHHOM 3/1€KTPUYECKOM
none. lMpu NPUIOXKEHMN TMOCTOSSHHOIO 3/IEKTPUYECKOro MOJsl K TaKoW CUCTeMe, BO3HWKAET
B3aMMOAENCTBME MONEKYN C MOMIEM U MX YacTuyHas nonsapusaumns. OTnmMyHas oOT eanHULbI
AVdNeKTpMYeckas nMpoHWLAEMOCTb SBASETCs CeAcTBMEM  3TOWM  NoOnspu3aunn.  YCNOBHO
Nonsipu3aLNoOHHbIE NMPOLLECChl MOXHO pa3fe/nTb Ha HECKOJIbKO COCTaB/ISIOWNX: OpUEeHTaLNOHHas
nonsipusauus CBsI3aHHOro BOAOPOAHLIMW CBS3SIMW MOJIEKYNSIPHOIMO KapKkaca, OpueHTauMOoHHas
nonsipusauus cBob6oaHbIX Monekys, u Bce 6onee 6biCTpble MNOMASPU3ALMOHHBIE MNPOLECCHI,
BKJIlOUAs MOMSIPU3aLMIO  S/1EKTPOHHbIX 060s104eK. Y KaXaoro M3 3TUX MpPoLEeCccoB CBOM
XapaKTepHble BpeMEHa U CBOM BKNaa B CTAaTUYECKYHO AUINEKTPUYECKYHO MNPOHMLAEMOCTb. B
YaCTHOCTM, AMINEKTPUYECKUI BKah OpMEHTaUMM He CBA3aHHbIX MOMEKYs BOAbl Onpeaensercs
BeNIMUMHON Ag,. Bce ykasaHHble npoueccbl aaauTMBHbIM o06pa3oM y4yacTByloT B obLien

nonapusaumnu, NosToMy MX MOXHO paccMaTpuBaTb OTAENbHO Apyr oT aApyra. C y4éToM 3TOro,
MOXHO BbIPa3uUTb KONMYECTBO CBOBOAHbLIX MOMEKYN BOAbl Yepe3 BeNUYUHY Ag,, PacCMOTPEB

OTAENbHO NPOoLEeCcC OpMeHTauMmn B 3NEKTPUYECKoOM rnosie cBoboaHbIX MONEKy.
JVNONbHBIA MOMEHT eAnHULbI 06BEMA XUAKOCTM P onpeaenseTcs yepes COOTHOLUEHMWE:
P=NaE, (1)
roe N - yncno monekyn B egnHuue ob6béma (B HawweM ciyyae yncno cesoboaHbiX Moiekysn),
& - OPWUEHTaLMOHHAs MOMSAPU3YyeMOCTb MOMeKYya BOAbl, @ E - HamnpsXEHHOCTb 37eKTPUYECcKOro
nons. NonspusyeMmocTb, B CBOK oO4vepenb, ONucCbiBaeTca dyHKuUMeln JlaHxeBeHa, KOTopas, npwu
BbINO/IHEHUM YCNOBUS 1, E << kT , onpeaenseTcs cneayiowmm o6pasom:
-
3kT 2)
rae 1, - NEKTPUYECKUI AUMONbHbIA MOMEHT €AMHUYHON MONEKYIbI.
YAenbHbI AUNONbHBIA MOMEHT CBSA3aH C NpUKNaAblBAEMbIM MOSIEM TakUM 06pa3oMm:
P =¢,As,E (3)
KoMbunHmnpys BbipaxeHust (1) - (3), MOXXHO NOAYYMUTb COOTHOLIEHME AN Yncna cBob6oaHbIX
Mosnekyn soabl N:

_ Ag,3eKT
H 4)

MoactaBnsass B 3TO BblpaXXeHMe BCe KOHCTaHTbl B 4YMCNOBOM BMAE, UM Y4UYUTbIBasA, 4TO
MOJISpHasaA KOHLEHTpauus Boabl paBHa 55,55 M/n, MOXHO nonyymtb dopMmyny pacyéta [oau
cBoboaHbIX MONneKkyn Boabl B npoueHTax (Tabn. 1):

N% ~ 0.0292* Ag, *T (5)

Tab6nunua 1. flonsa ceBob6oaHbIX MOJZIEKYN1 BOAbI B pacTtBopax npu 25°C, paccumtaHHasa no
dopmyne (5).

N

H20 0.5M Cadl, 1M NacCl 1M KCl 1M CsCl 1M KBr
N % 12.2+0,9 | 10.4%0,9 11.3+1,7 13.1+0,9 15.7+1,7 | 15.7+0,9

AHaNOrnYHbIM pacyét 6bi1 NpoBeaéH A4S YMCTOM BOAbl MPU pas3sMYHbIX TemMnepaTtypax. B
pe3ynbTate 6bL1I0 MOKasaHo, 4YTO C POCTOM TeMmnepaTypbl PacTéT M KOJAMYeCTBO CBOOOAHbLIX
mMonekyn sogbl (Tabn. 2).

Ta6aunua 2. flona cBo60AHbIX MOJIEKY/1 B BOAE NPU pa3HbIX TeMnepartypax.
T, °C 20 30 40 50
N, % 11,9+£0,9 13,3£0,9 17,4%£0,9 18,9+0,9

Mpwn aHanm3e AaHHbIX M3 Tabn. 2 obpawaeTr Ha cebs BHMMaHMe ewé oaMH daKT: CUIbHO
HepaBHOMEPHbLIA POCT 4uucia CBOOOAHbLIX MONEKy/a BoAbl B 3aBUCMMOCTM OT TeMMepaTypbl B
nccnegoBaHHoM pgumanasoHe (ot 20 pgo 50°C). OueBuagHo, 4TO Haubonee peskuii  pocT
Habnogaetca B nHTepBane ot 30 go 40°C. NHTepecHO, 4YTO 3TOT UHTEpBan COAepPXMUT B cebe
Hanbonee 4YacTo BCTpeyvawLmecs 3Ha4YeHUa TemnepaTtyp, KOTOpble SABASAIOTCS ONTUMasbHbIMKU AN
CYLLeCTBOBaHMNSA pasfnyHbix 6uonormyeckmx obbekTtoB. HO B gaHHoM paboTe npeacraBasieTcs
BO3MOXHbIM JIMWb KOHCTAaTUPOBaTb YKasaHHbIM ¢akT. A AN NOHMMaHUS CBS3W KOJIMYECTBA
cB0ob60AHbLIX MONeKkyn € 6MonorM4yeckMMmn GyHKUMAMMN U PU3NYECKNUX MEXAHM3MOB, NPUBOAALLNX K
TaKol HepaBHOMEPHOCTN, HEO6X0AMMO BbINTM 3a paMKu AaHHOW paboTbl.



TakuMm 06pa3oM, NpeanoXeH MeTol aHanusa CTeneHn CTPYKTYPUPOBAHHOCTU BOAHOWM
MaTpuubl B pasfinyHbIX BOAHbIX CUCTEMAX, FAe B KauyecTBe KPUTEpUSA BbICTYMNAeT KOJNYECTBO
CBO60AHbIX MOSIEKYN BOAbI.
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Various techniques are used for studies of water structure: thermodynamic, viscometric,
conductometric, NMR, dielectric spectroscopy, IR- and Raman spectroscopy, UV-spectroscopy,
X-ray analysis, neutron diffraction, computer simulation etc. Spectroscopic methods are the
most informative of the abovementioned approaches. The spectral features of every substance
are sensitive to any changes in the structure and dynamics. Moreover, the frequency domain
under investigation reflects the time and energy characteristics of the processes in the spectra.
Every domain of the spectrum contains specific information and has its own peculiarities.

When analyzing the structural features of the water using spectral methods it is
particularly important to take notice of the frequency domains, which are typical for
supramolecular excitation. Conventional discrimination includes three processes:

1. Debye relaxation (R1), with the maximum close to 0.6 cm™,
2. transverse translational vibration mode (T1) near 50 cm™,
3. longitudinal translational vibration mode (T2) - about 180 cm™.

However, it has been mentioned recently in a number of studies [1,2], that relaxation
processes in the water and water solutions can’t be described with the classical relaxation
function with one value of relaxation time. It turned out, that there is another dispersion area of
relaxation dielectric function (R2) under the high-frequency “wing” of the R1 Debye peak, but
the processes it resembles are yet unknown.

In our work we conducted a system analysis of the spectral characteristic of the water and
several water solutions in the range of frequencies, which are typical for supramolecular
dynamics (0-200 cm™).

We measured the transmission spectra of the water and water solutions in the range 5-
200 cm by ourselves (using terahertz spectrometer TPS Spectra 3000, Teraview, and IR-
Fourier spectrometer Vertex 80, Bruker), while the 0-5 cm™ spectra data were taken from the
literature. Along with the spectra measurement, we plotted model spectra, where we considered
the four dispersion areas mentioned above. The relaxation modes were described using Debye

Ag, o _
function: —2*2—, and the oscillating modes - by Lorenz function: —A}Z . i
l-iwr, 0, — 0" 1oy,

Later on we made the fitting of the model spectra to the experimentally derived spectra.
Thus we obtained the parameters for each of the modes, which describe the molecular dynamics
of the water. The main interest was aimed at the poorly studied mode R2, described by Ae,

(amplitude) and z, (relaxation time).

The described mode was applied for analysis of water and the following water solutions:
0.5M CaCl,, 1M NaCl, 1M KCI, 1M CsCl and 1M KBr - at 25°C. It was found, that the A¢, value

increases in the series of chlorides: Ca®, Na*, K*, Cs*, as well as in the series of potassium
salts: Cl~, Br~. These cation and anion series correspond to the Hofmeister series, which reflect
the decrease in the degree of structuredness of water solutions in the presence of the
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aforementioned ions. In other words, the higher the As, amplitude, the more pronounced is the
destruction of the water structure. The relaxation time 7, of the R2 mode shows practically no

change for all the studied solutions. The mode maximum (=17 cm™), associated with this
relaxation time, is situated close to the absorption line of the spectra of water vapor, having the
lowest frequency (=~18.6 cm™), which reflects the dynamics of single water molecules.
Considering the obtained results we conclude, that the R2 mode reflects the relaxation of the
free water molecules, present in the liquid phase in low count.

In this case the amplitude of the R2 mode Ae, is connected with the amount of free water
molecules. Our aim was to determine this connection, i.e. to propose a method for calculation of
the portion of free water molecules.

This requires consideration of water polarization in the presence of electrostatic field.
When applying the constant electric field to this system, the molecules interact with the field
and gain partial polarization. As a result of this polarization the permittivity differing from one is
observed. The polarization processes can be conventionally divided into several components:
orientational polarization of the molecular skeleton, which is connected with hydrogen bonds,
orientational polarization of free molecules, and all more rapid polarization processes, including
polarization of the electron shells. Each of these processes is characterized by distinctive times
and the input to the permittivity. The dielectric input of the orientation of unbound water
molecules is determined by the Ag, value. All the processes listed have additive effects on the
general polarization and, thus, they may be considered separately. In consideration of that, the
number of free water molecules can be evaluated through the Ag, value, given the separate
evaluation of the orientation process of the free water molecules in the electric field.

The dipole moment of a volume unit for liquid P is identified the expression:

P=NaE, (1)
where N is the number of molecules in a volume unit (in our case it is the number of free
molecules), « - orientational polarizability of water molecules and E - intensity of electric field.

As for polarizability, it is described by the Langevin equation, if 4, E <<kT , in the following way:
4
T 2)
where 1, is the electric dipole moment of a single molecule.
The specific dipole moment is associated with the applied field as follows:
P =¢,As,E (3)
Combining the formulas (1) - (3), we can get the ratio for the number of free water
molecules N:

_ A&, 3e KT
4 4)

Placing all the numerical values of the constants in this formula, and considering the
molar concentration of water equal to 55.55 M/I, the calculation formula for the portion of free
water molecules (in percentage terms) is the following (Table 1):

N% ~ 0.0292* Ag, *T (5)

Table 1. The portion of free water molecules in solutions at 25°C, calculated by the
formula (5).

N

H,O 0.5M Cadl, 1M NacCl 1M KCI 1M CsCl 1M KBr
N, % 12.2+0.9 10.4+0.9 11.3£1.7 13.1+0.9 15.7+1.7 15.7+0.9

A similar calculation was made for pure water at different temperatures. It was shown that
the number of free water molecules rise along with the temperature increase (Table 2).

Table 2. The portion of free molecules in the water at different temperatures.
T, °C 20 30 40 50
N, % 11.9£0.9 13.3+0.9 17.4£0.9 18.9£0.9

Analysis of the data from Table 2 also elucidates the highly irregular growth of the number
of free water molecules in dependence from the temperature in the explored range (20-50°C).
Obviously, the quickest growth is registered for the temperatures from 30 to 40°C. It is
noteworthy, that this interval contains the most commonly occurring temperature values, which
are optimal for the existence of various biological objects. However, it present work we can only



state the fact, mentioned above. To understand the correlation of the number of free molecules
with the biological functions and physical mechanisms, which lead to such irregularity, the
investigation needs to go beyond the scope of this work.

Thus, we proposed a method for analysis of the degree of structuredness of the water
matrix in different water systems, having the number of free water molecules as a criterion.
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