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Study on the Hydration Structure of Amphipathic
Molecules by Monte Carlo Method

Toshiyuki Hata and Yukio Ono

ABSTRACT

Monte Carlo simulations were systematically presented to
demonstrate the influence of the hydrophobic group’s steric bulk on
hydration structure in an infinitely dilute aqueous solutions of six
alcohols and six ethers having straight chain' and branched
hydrophobic groups.

From the results of a spatial distribution function (SDF), in spite
of the different size and shape of the hydrophobic groups, the
distribution of hydration water molecules could be divided into
hydrogen acceptor (HA), hydrogen donor (HD) and hydrophobic
hydration (HHH) regions. In the case of two stable conformers (gGg’ -
and tGg' ) and three conformations throughout the conformational
change proceés in ethylene glycol (EG) solutions, a newly MIX
region was appeared in the high distribution of hydration water
molecules in addition to the aforedescribed three regions. The
distribution in the HA region was governed by  the methyl or
methylene group on B position in solute molecule  and was kept
constant in longer and bulkier groups than ethyl group.

The spatial orientations of the hydrogen—bonded water molecules
in all solutions were found to be of linear type with a triple layer
structure in the HA region and a double layer structure in the HD

region.



From the difference SDF (DSDF) for two conformations of EG
solutions, it was apparent thaf the di§fribution of hydration water
molecules in the MIX region is gbVe’fnéd By ‘the competition of
internal hydrogen bonds.

Further, the SDF in the gGg of EG solution was successfully
_constructed by the linear combination of SDF in methanol solution.
This result indicated that the reconstructed method of SDF in small
molecule was very useful for evaluation of solvation effect for an

enoumarous amphiphathic molecule.
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Fig. 1—1. Carbon (Methyl Alcohol)-Oxygen (Water) RDF for Methyl Alcohol
Solution at 298 K Obtained from Neutron Diffraction Data and MC Simulation
Data Using SPC and TIPS Potential Functions .

The experimental result of RDF is obtained from 1:9 molar ratic methyi
alcohol~water mixture.
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AR LH2—02—C2—Cl= —170.0°, £01—Cl1—C2—02=60.0" RU*£ZH1—01—Cl
—C2= —50.0° &N B Z Lic Lz, & bic, BHE gGE 7 16 ~DREERBRICH

_6_._



- Chart1—1. Geometries of Two Stable Conformers for Ethylene Glycol
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1 T OKFEEREZ bhb, ik, KBEOBIRRETFOIELEREFH LAKDKIREFAN
B3 % KF#EFE A Dhydrogen acceptor (HA) I TH 50 Hid KBEDKKRET LK
OB T OIS AET A 2R S % KAk & Dhydrogen donor (HD) I TH 5o H=
ik, BAMELKSFRERL T 7 v FAT— 1 2 S CHEVER$ % hydrophobic hydration
(HH) R TH 5, —F. =— 7 VEKBROE—KRTHAFIRE HHEER O — DM HFE
THELETFEENS,

BA , IPA TBA

Fig. 2—1. Isosurfaces of Oxygen (Solute) —Oxygen (Water) SDF
Zoo(x,y,2)=2.1 Viewed Down the z—Axis for Alcohol Solutions at Having
Straight Chain and Branched Hydrophobic Groups 298 K

The symbols HA, HD, and HH represent hydrogen acceptor, hydrogen donor
and hydrophobic hydration regions, respectively.
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Fig. 2—2. Isosurfaces of Oxygen (Solute) —Oxygen (Water) SDF
Zoo(x,y,2)=2.1 Viewed Down the z— Axis for Ether Solutions Having Straight
Chain and Branched Hydrophobic Groups at 298 K

The symbols HA, and HH represent hydrogen acceptor, and hydrophobic
hydration regions, respectively.
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72SDF goo(x,y,2) = 2. 10 {EH % = h % hFig. 2—1LFig. 2— 21" T, ZhbDXH»
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EIPAOHASIBD 53 KRB T /v 2 — VKR E AR TEDFHBIEAR > T Do T —F
NKBRDOBEICH 73— VKBRIZHIE ST 2DME L IPEOHASIR O 45 i3 fihod = —
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3 & 5 72 Linear #! & Bifurcated IO = >D 24 72 EZ A LN TEX 3,
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Chart 2—1. Spatial Orientations of Hydrogen: Bonded Solvent Water
Molecules with Methyl Alcohol

 E T T, SPCRFTY v+ VERTERI Wi KS FoOBERXEE (WXAHREL2EE) L
12%&BT T, MP2/6—31+G** ab initio MOETE®® 2 BT, KZB#D Linear § &
Bifurcated B D&% K@ b Lizo Chart 2—2 K BAORELEEICB T 3 KEETF
PHRETFHEOEREY RT,

< / _ ’o"
S II' [/ "
P ' 04—————»
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Linear orientation Bifurcated orientation

Chart 2—2. Water Dimer Structures Optimized by ab initio Molecular Orbital
Calculations
Units for all interatomic distances are A

O

0.5

—77\ Fig. 2— 3 AAEXHNZAKBROBERT (BEH) —BEET (B MROBRER
T (BE) —KRET (BE) HOSDF, goo(x,y,2) & goulx,y,2), ZEREbEILER%E
ZNE IS

MA BA TBA DME

Fig. 2—3. Superposition Representations of Oxygen (Solute)—Oxygen (Water) and
Oxygen (Solute) —Hydrogen (Water) SDF for Alcohol and Ether Solutoins at 298 K

The dark area shows the oxygen—oxygen distribution at goo(x,y,2)=2.1, and the
bright area shows the oxygen—hydrogen distribution at Zon(x,y,2)=1.6.
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Fig. 2—3THbL MR L 5o, HAFBIZ 7V 2 — A D FOBERT» S BT, BiEASF

DERFETOSMHERFIKRRETF(1.84), BRETFQ.8A)RVAKKETF(3.3A)TH
D, ChbDSHRER > ZEHEEBR LTV, COREILab initio MOFHE TR
BAL Lok F Bk DOLinearFIEE[#(1.9, 2.923.4A) L R —H L TW5, —75. HDR
BIE7 v a— NG FOKBEDKERT»D RTEEKS FOBKRREF L KREFOHSMH
BERON_BEEEZVRLTEY, TAa—AGFOKRREFRLBERKGFOERTFET
Do ERBEIBRETF(1.8A) ROKFKEF(2.4A) TH o7z ZORKRIZATRD ab initio
MO ECRBIL LK = BhDLinear i (1.9 2.5A) E B —F T 5, SO &h
by HDEHIIZE B 2 KFEREDOKS FORMS £/-LinearBl TH 2 LER TEX /2o T DK
WL RIE D OMAKBDOBEERD 2T 5, Lo T, BAREEOKE XZFREL. 7
A2 — VK EHEDHA & HDSEIR D K FERS A 2T L7k 5 F OIS T Linear e 5 3
TERH LML o, FE L THASIRO K ER S 12 KS F DB A Bifurcated ¢ %
HLIERLTED, KMEOKERITHGD DR E TR >z = — T VKBROHAEE
CRWTh T ra— L A EBEEL R Us D5 TilklBE#ES ab initio MOFHA TR
Bk Uiz k% F =B Linear MERE B —B Lk, Hlzid, DMEKBK TR —7 v
@iﬁ?#B@%ﬁmﬁ?wéﬁ?fT@%ﬁﬁﬁ%ﬁmiﬁ?ﬂﬂm\@%E?@ﬁA)
BROARET (3.2~3.3A) Th otz L EDREREELHB L, 743 —ARUT—F 1K
BROVThOHE S HAFEKR CHDFEK DO KFEHEE LM Lo K5 F OB M I Linear
MTCH5ERALM LRI,
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ARSI S 52 2 ERBRIZEAREOAX S LR TH L EEL DI, 2T,
BAHEDOERENKMKDLGHICED LS BEELRE25D0%, SDFDI I A2Y) V7,
BED a1 v 2 —=< » 7 L U'DSDF% AL -CBE Lz,

Table 2— 1IZESFERH AU ELFETEI 7V a -V ROT—F VKBRD I 7 A2 —5HET
#87-SDF goo(x,,2) Z2. 1 TR E W2 B K OKE (Volume) . BAH (CN) RUEAE T
RN — <BE>, &R 28 L %nho)summﬁm?’»:z‘—g»fc@izoa)ﬁafg;g,_ (HA, HD
ROHHER) B0z —7 A Th=20fE (HARUVHHEE) O Volume, CNEUBE®D
%R o7 & & 277 Uy Total OBIZ S 7 RIES S 7 & ROBE, T70b % <BE> &
~To

Table 2—1 D 7 v 2 — WV KBERDOFER? b HDEEH DO Volume, CNR U <BE> i Dl
FAETDT L a— A KB TEREWELICA CETH S 2 L 235 >0 L L, HAE
BB LTk, MA K¥HEO Volume (7.6 A% & CN(0.99) 12> A7 D Volume (7.0,
7.0,7.2A% £ D bAE <, CN(1.08, 1.09, 1.10) £ 0 b/hELs, F/=, MA KWW BE
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Table 2—1. Results of Volume, CN, and Binding Energy Decomposition for
Alcohol and Ether Solutions Having Straight Chain hydrophobic Groups in
Zoo(x,¥,2)=2.1 Region at 298 K

Volume CN <BE>, Volume CN <BE>,
MA EA
HA 1.6 0.99 —17.94 7.0 1.08 —19.81
HD 3.2 0.64 -9.26 3.1 0.65 —9.54
HH 3.1 0.22 —0.39 17.9 1.30 -2.29
Sum 13.9 1.85 —27.59 28.0 3.03 —31.64
Total —67.90 —74.85
PA BA
HA 7.0 1.09 —20.05 7.2 1.10 -19.96
HD 3.1 0.65 —9.39 3.2 0.66 —9.63
HH 24.3 1.82 -3.69 43.2 3.30  -7.52
Sum 34.3 3.56 —33.13 54.6 5.06 -37.1
Total , —82.58 —88.99
DME EME
HA 7.2 1.02 —17.94 6.7 1.09 ~ —19.80
HH 13.5 0.99 —2.28 29.0 2.16 —4.73
Sum 20.7 2.01 —20.22 35.7 3.25 —24.53
Total —64.82 -71.72
. MPE BME
HA 6.6 1.40 —32.53 6.8 1.42  —33.87
HH 444 3.40 —8.24 58.6 4.56 -11.20
Sum 51.0 4.80 —40.77 65.4 5.98 —45.07
Total ' —98.60 -107.14

Units for volumes and <BE>, are A® and kJ mol™', respectively. Subscript x on
<BE>, indicates HA, HD, HH, Sum, and Total. Total values are obtained
from the entire cubic cell.

(—17.94kJ mol™) i K ¥# D BE (—19.81, —20.05, —19.96 kJ mol™) X » & REE
THDTENFTD2T0

—F. T—F VKBROHAREIZE U Tid, DMEKEBEEDVolume(7.2A°%) L CN(1.02)
RO KBER D Volume (6.7, 6.6, 6.8A%) X » k&<, CN(1.09, 1.40, 1.42) L h /&
Vo %72, DMEKBHEOBE(—17.94 k] mol™)iZ, MO ABEKDBE(—19.80, —32.53,
—33.87k] mol™) LD L AREETH -7,

DEDEERPL, 72— VRO —F VKEKRE S ICHATIRICH T 3 Bk OPE
BRRERLTHAZ Mg ol. Lo T, BB TV a— ez —F VKEROKFE
iﬁ&:&éi?ﬁﬂ(ﬁ%@%%ﬂi\ BKMED BRID A FARKERITAF L v EARHAGBIC
5L &> THABERD Ko FE2HDEBMAABER U, ZORHELWA 55, #
Lo b7 KG FOIDICERABAEMT 5o ZTORKR, KNKDSIEESMM L, HA
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Fig. 2—412z=0.075AD x—y FHEICBIFZBED 2 ¥ X —< » TR T,
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204 AT
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> x DME EME BME

Fig. 2—4. Contour Maps of Binding Energies for Alcohol and Ether Solutions
Having Straight Chain Groups on the x~y Plane of z = 0.075 A at 298 K

73— VKB O £ TOHDEBIE —15 k] mol ' BE 0L E R KL . & LTIEA -
fwéo~&m\m%ﬁéoﬁsm—amdmdﬂﬁgﬁ%éof\:@HDﬁﬁ@%ﬁﬁm
KEBBILEIBLDTH S, £/ HDFEIKD —5.0kJmol™ THE h - lIZETO T v
- NTRERLSMOHE LTWBZEIHLMTH S,

—F T =NV RO —FT NVKBROHABIRO ZE = X /v F—|X—20 k] mol ' B
THD, HAFIRD T KFR AW LAKRETH A NG olce T a—VIKEBKRD
x=0.0A, y=—3.0AfEOHHMBEEEICER T3 &, —2.0kJmol ' CHE h-HASE
BUTMAKEE TIE y Bia iz THAMEEMICHAORERIESIEN > THWER, o7
3 —VKBR T y Bz 2B AR AIC BHAOREREEA S M LThian, ZoHA
DEERFRIE T — T VKBRTLRA L5 fHizn L. DMEXKBKROHADEEREIL y #h%
B2 TEUKHERMNCIAA > Tz,

AFNEXLYRERBAMELEFOT AV 23— VRO T —F VKBEROEERHAFIRL ¥
A B TOMLABAVWERIE = F VEU EOBAKSELBEKEDOREN—EDKEE LR
51D THb., LR >T BEDa2V 2—< 9 7OERIZ. 7Ha— VRO —FVKE
KE D ICHAFIR OB K ATUL BALD A FAFEEIF A F VY EORFAEMORLEEL K D



BEGKREZRIZLTWBRZEEZRLTVS,

Fig. 2—5 RBAMHEDOBEVZ L3 K FOSMEBE OB L RT HDT, SDFDEN
+1.0DHINE R FREKET, —1.00BD2RTHEZBHATRLTNS, EA-MA
FTE BEOGTHENPD L URTFATE B, A FAERLDOKG T DOHMHIEERRD
BAEZRL, COBRVEBZROBE IS I F A EBLOKGFREML TN Z 2R
To —H BUKMESF AR KFIHASRIC RIET HERBKEEOFERRAKSGF D4
MO L LTERA, TORADEEO KA OHASSE A NERE LTHBE Lz, LaL,
HDFIBIC X K G FOSMEBEEDHEHA R DR W &b, BAEERRIETEEIZHD
BERTIE—ETHIZENEBNE RS,

BAKMERME HIKKE > PA—EALBA—PARTI., WIh b BAMEAREIR
(HALHD#HR) KRASFOSMEBEEOHBEARA LT, BAKEOKE EDENIZLS

e

BA-PA

EME-DME MPE-EME BME-MPE
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Fig. 2—5. Isosurfaces of Difference Oxygen (Solute)-Oxygen (Water) SDF
Viewed Down the z—axis, or the x—axis between Aqueous Solutions of Alcohol
or Ether Having Straight Chain Hydrophobic Groups

The dark area shows the increase of oxygen—oxygen distribution at
Agoo(x,y,2)=+1.0, and the bright area shows the decrease of
oxygen—oxygen distribution at Ageo(x,y,2)=—1.0.
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2—3. PIERBKHEEOZE ,
Table 2—21C IR B KMELFHTEIT7 Va2 -V RO T —F VKBEBDSDF goolx,y,2) =
2.ITRENIZEZEEDOHEE (Volume). B (CN) RO A T X VF—<BE>ZRT,

Table 2—2. Results of Volume, CN, and. Binding Energy Decomposition for Alcohol
and Ether Solutions Having Branched hydrophobic Groups in goo(x,y,2)22.1 Region

at 298 K _
Volume CN <BE>, Volume ~ CN <BE>,

IPA " TBA

HA 7.8 1.09 —19.64 6.8 1.14 —21.99

HD 2.7 0.73 —11.50 2.8 0.73 -11.72

HH 24.7 1.86 —3.87 45.2 3.52 —7.44

Sum 35.2 3.68 —35.01 54.8 5.39 —41.15

Total —83.04 —93.09
IPE - TBE

HA 7.1 1.34 —31.46 6.2 .. 1.44 —35.67

HH 39.9 3.06 —7.52 59.4 4.68 -11.51

Sum 47.0 4.40 —38.98 65.6 6.12 —47.18

Total —96.38 —109.16

Units for volumes and <BE>, are A® and kJ mol™', respectively. Subscript x on
<BE>, indicates HA, HD, HH, Sum, and Total. Total values are obtained from
the entire cubic cell.
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Fig. 2—6. Contour Maps of Binding Energies for Aicohol and Ether Solutions
Having Branched Hydrophobic Groups on the x—y Plane of z=0.075A at 298 K
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Fig. 2—7. |Isosurfaces of Difference Oxygen (Solute)-Oxygen (Water) SDF
Viewed Down the z-axis, or the x—axis between Aqueous Solutions of Alcohol
or Ether Having Branched Hydrophobic Groups

The dark area shows the increase of oxygen—oxygen distribution at
Agoo(x,y,2)=+1.0, and the bright area shows the decrease of oxygen—oxygen
distribution at A goo(x,y,z)=—1.0.
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Fig. 2—8. Linear Relationship between Calculated and Observed Difference of
Hydration Enthalpy
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eGg’ tGg’
Fig. 3—1. Isosurfaces of Oxygen (Solute)-Oxygen (Water) SDF goo(x,y,2)=2.1 for
gGg and tGg Conformers of Ethylene Glycol in Liquid Water at 298 K
The left and right columns are isosurfaces coresponding to gGg and tGg'
conformers.
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Fig. 3—2. Contour Maps of Binding Energies for gGg and tGg' Conformers
of Ethylene Glycol in Liquid Water on the x—y Plane of z=0.075A at 298 K
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Table 3—1D&RIZ. gGg’ KBRDE—KFIHD <BE>sum 23—47.86 k] mol™ & £ D
<BE> 10 73—113.59k] mol™' TH v\ tGg KBWKD <BE>sum (—42.60k] mol™) &
<BE> 14 (—102.68k] mol ™) KV EETH D LERL TS, TORERIDKBRF TR
BLHE gGg’ NEHEIGE LV RETHHT LZERLTWAD, DIt Nagy H* Hooft 5®
B OCramer 5% OFFER LFELIC—H L. AMEDOHERENTHBETEX B LB3HLhER>
fzo Fo. BIBORBBICE T B BEDER T 5 L gGg KBHK & tGg' KBROKEM
DEWITHDEER (gGg’ #32.97k] mol " %E). (MIX+HH) #HiK (gGg’ 233.33kJ mol™



Table 3—1. Results of Volume, CN, and Binding Energy Decomposition for gGg and
tGg Conformers of Ethylene Glycol in Liquid Water in goo(x,y,2) =2.1 Region at 298 K

gGg’ tGe’
Volume CN <BE>, Volume CN <BE>,
HA 7.2 0.92 —16.77 7.1 0.93 —17.81
HD 3.2 0.69 —12.85 3.4 0.62 —9.88
MIX +HH 23.1 2.25 —18.24 21.8 2.11 —14.9
Sum 33.5 3.86 —47.86 32.3 3.66 —42.60
Total —113.59 —102.68

Units for volumes and <BE>, are A® and kJ mol™, respectively. Subscript x on
<BE>, indicates HA, HD, MIX, Sum, and Total. Total values are obtained from the
entire cubic cell.
ZiE) LHAHE (gGg’ #'1.04k] mol ™ NEE) TH B DT, gGg DEE(LIFHDE (MIX
+HH) IO KB EE LIERTHE MR-,
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Fig. 4—1. Isosurfaces of Oxygen(Solute)-Oxygen(Water) SDF goo(x,¥,2)=2.1 Viewed
Down the y-axis for 100°, 130° and 160° Conformations of Ethylene Glycol in Liquid
Water at 298 K
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Fig. 4—2. Isosurfaces of Difference Oxygen(Solute)-Oxygen(Water) SDF between
Two Conformations of Ethylene Glycol in Liquid Water at 298 K

The bright area shows the increase of oxygen—oxygen distribution at Agwo(x,y,2) =
+1.0, and the dark area shows the decrease of oxygen—oxygen distribution at
Agwo(x,y,2) = —1.0. The top and bottom lines are isosurfaces viewed down the
z—axis, and the x—axis, respectively.
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OB A HLAR TR E DB EICMIXFIR TH % DT MIXFEEIC A LT/ cHH
R BT, MIXBEEAZ 2T 5 2 Lic Lk, 22T, Tabledi—1icBE—BERT
FIDSDF goo(x,5,2) Z2.5TRENNL 7 7 A X —HEOKEREZTRT,

Table 4—1. Results of Volume, CN, and Binding Energy Decomposition for Respective
Conformations of Ethylene Glycol in Liquid Water in Zoo(%,¥,2)=2.5 Region at 298 K

gGeg' . tGg'
70° 100° 130° 160° 190°
HA Volume : 56 6.1 6.0 5.8 5.6
CN 0.81 0.89 0.87 0.83 0.82

<BE>, —15.06 —17.06 —16.94 —16.47 —16.04
HD Volume 2.6 2.8 2.7 2.8 2.8
CN 0.65 0.59 0.58 0.57 0.58

- <BE>, —12.29 —10.46 —9.76 —9.43 ~9.35
MIX Volume 7.1 6.0 5.8 4.9 6.0
CN 1.06 0.89 0.77 0.70 0.93

<BE>, —13.47 —11.54 —8.98  —8.43 -10.92

Units for volumes and <BE>, are A® and kJ mol™,

respectively. Subscript x on
<BE>, indicates HA, HD, and MIX. ‘
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Fig. 5—1. Isosurfaces of Oxygen(Solute)—Oxygen(Water) SDF gwo(x,5,2)=3.0
Viewed Down the z—Axis for gGg Conformer of Ethylene Glycol in Liquid Water at 298 K
The left and right figures show new constructed SDF obtained from linear combination
of SDF in Methyl alcohol solution and SDF obtained from MC simulation, respectively.
The symbols HA and HD represent hydrogen acceptor and hydrogen donor regions,
respectively.
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