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Molecular Model of Dimethylmethylphosphonate and Its Interactions with Water
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We propose a simple united-atom second-order potential model for dimethylmethylphosphonate (DMMP)
designed to reproduce molecular conformations and physical properties, such as the liquid density, heat of
evaporation, and thermal expansion coefficient of the pure liquid. By use of the model, we explore molecular
structure, thermodynamic characteristics, and dynamic properties of liquid DMMP and its aqueous solutions
by molecular dynamics simulations. It is shown that accurate choice of partial atomic charges is of crucial
importance for a correct description of phase behavior and physical properties of aqueous solutions of
alkylphosphonates. The excess volume and the enthalpy of mixing in a DMMEer system were found
negative with a minimum presumably located within the concentration range between 33 and 50% volume.
On average, one DMMP molecule forms two hydrogen bonds with surrounding water via the oxygen atom
that forms a double bond to phosphorus. The average lifetime of hydrogen bonds does not exceed rotation
correlation time of individual water molecule, thus indicating that there are no long-living DIAMIP
complexes in the aqueous solutions.

1. Introduction C(1)H,

Dimethylmethylphosphonate (DMMP, Figure 1), one of the
simplest alkylphosphonates, is often used in chemical research
as a relatively nontoxic model substance to mimic properties
of organophosphorus nerve agents (see, e.g., re®.1This o)
work was motivated by the intent to study the mechanisms of Figure 1. Dimethylmethylphosphonate molecule. Numbering of non-
transport of organophosphorus compounds through permselechydrogen atoms given in the brackets.
tive polyelectrolite membranes (PEM) by means of molecular
simulations. PEM are expected to be used in new protective Recently, Suenram et 4thoroughly studied the conformations
materials. However, the application of molecular simulation of DMMP molecules in a vacuum using Fourier transform
methods to alkylphosphonates is hindered by the absence of amicrowave spectroscopy and ab initio Hartréeck (HF) and
simple yet accurate molecular model. Mgller—Plesset (MP2) calculations. Two preferential conforma-

In the present paper, we suggest a simple potential modeltions, separated by a shallow potential barrier, were detected.
for DMMP that (i) reproduces the conformations of DMMP The lowest potential energy corresponds to an asymmetric
molecule in a vacuum obtained by ab initio modelfngi) is conformation (further on referred to as conformer A) shown in
in good agreement with experimental data on physical propertiesFigure 2a. The other preferential conformation is symmetric
of pure liquid, such as the density at ambient conditions, the (denoted as conformer B, Figure 2b); it corresponds to the
heat of evaporation, and the thermal expansion coefficient; and“extended” conformation discussed in refs 6 and 7.

(iii) gives a qualitatively reasonable physical picture of DMMP Simulations of alkylphosphonates published in the literétdfe
water interactions in binary solutions. The molecular models employed generic force fields such as CHARMMAMBER,!®

are described in Section 2. The thermodynamic properties andand UFF® Terms specific to phosphonates were also incorpo-
the molecular structure of pure DMMP and its aqueous solutions rated into generic force fields11-13However, a detailed analysis

0@~ p—002)
H;C(3) ” \C(Z)H3

are discussed in Sections 3 and 4, respectively. of the properties of simpler homologues with verification against
available experimental data limits is an essential step toward
2. Molecular Models reliable force fields applicable to complex molecules, while

application of a generic force field may be misleading. In

Unlike alkyl phosphate groups that are found in biological
! yl Pnosp group unc in 0lo'og particular, minimization of the potential energy of DMMP based

macromolecules, alkylphosphonates received relatively little h ; fiel h ial ch X .
attention from both experimentalists and theoreticians. Ther- ohn the UF,F orce |eddl}?nq Itd edpart|a charges fobtalned #S'ng
modynamic and dielectric properties of lower aIkyIphosphonatest e Qa_stelger procedureyielded two major conformers t "j.lt

including DMMP were studied back in 565 The dielectric ~ dualitatively resemble those observed in ref 4. However, in a
constants obtained allowed to speculate on preferential confor-disagreement with the ab initio results, the UFF conformers have

mations of lower alkylphosphonates: in particular, “extended” almost ideal trans and gauche dihedral angles. Also, the

and “folded” (described below) geometries were considéfed. SYMMetric conformer is ca. 7.1 kJ/mol less stable than the
asymmetric one.

* Author to whom correspondence should be addressed. E-mail: We developed a new potential model for DMMP via an
aneimark@triprinceton.org. iteration procedure that included static energy optimization of
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TABLE 2: Parameters of the Force Field for DMMP

Nonbonded Parameters (LJ and Partial Charges)

model 1 (charges obtainedmodel 2 (charges match the
using Gasteigéf method) experimental dipole moment)

atom 0, A € kiimol ge oA ekdmol ge

Po (P) 3.831 2451  1.1736 3.83 1451 1.17
Or (01) 3.030 0.637 —0.536 293 0.667 —0.691
Cenp(C)  3.775 0677 00278 3.80  0.865 —0.021
Och, (O, 05) 3.153 0.637 —0.485 3.03  0.667 —0.36
Ceno (Co, C) 3.775 0677  0.153 3.80  0.865 0.135

Equilibrium Bond Lengths, A
Po—Op 1.458 R—Cp 1.795 R—Ocn, 1.586 Qu—Copo 1.418

Covalent Angles

d | 0o, F, 0o, F,
c) ) angle deg kJ/ded mol angle deg kJ/ded mol
Op—Po—Cp 116.3 335. G—Po—Och, 104.3 170.

Op—Po—Och, 1165  419.0  B-Ocy—Cono 121.0  335.

Figure 2. Four potential minima of DMMP molecule obtained by the

potential-energy minimization with Model 2 (a) conformation A, which Torsion Anglesy; (ky/mol)

corresponds to the deepest minimum of the potential energy and the angle Vi Va V3 Va Vs Ve
preferential conformation in liquid DMMP, (b) conformation B, found ¢, _p,—0Ocy—Ceyo 0.281 2.633 0.316 —0.244 0.307 —0.025
frequently in liquid DMMP, “extended” conformation in refs 6 and 7,  o,—py—Ocp,—Ceno 0.42

and (c, d) conformations C and D, local energy minima with higher oc,—Po—Ocp,—Ccp, 399 21

potential energies, conformation D is referred to as “folded” in refs 6

and 7. Visualization using gOpenMol 220 bonds). We chose the scaling factor of 0.5, which is a standard

) . factor in several generic force fields. At the zero value of the
Iﬂﬁlﬁeﬁéf ,\sl;:ghrgﬁfg ?A];it%'\/(Iz'\'/lazs'}g%e&lgge?gt?-:-?ﬁg \R}grk) scaling factor, the conformation tended to be idealized, with
and by ab initio Modeling (Ref 4) distinct trans and gauche torsion angles, while at the scaling
factor of 1 the model tended to prefer conformer B because of
the Lennard-Jones repulsion between the; @bups. The
HF® model1 model2 modell model2  gcgling factor for +5 nonbonded interactions (in this case,

conformer A conformer B

Bond (A) between C2 and C3 atoms) was equal to 1.
P—Cy 1795 1797 1801 1796  1.796 The iteration procedure started from the CHARMM potential
=0, 1.458 1.458 1.458 1.459 1459 fop alkyl phosphate$? Then the G-P—O—C torsion potential
P1—02 1.594 1.592 1.595 1.589 1.589 . . .
P—Os 1581 1590 1590 1589 1589 Was fltte(_j in order_to reprodqce roughly t_he required co_nforr_ner
0,—C, 1.419 1.421 1.423 1.420 1420 A (see Figure S1 in Supporting Information). On each iteration
0s—Cs 1.418 1.418 1.419 1.420 1.420 step, we changed the torsion parameters in order to get closer
Angle to the required geometry of conformer A and make it slightly

C,—Pi—0y 116.1 115.3 112.9 114.7 114.7 more stable than conformer B. Then the Lennard-Jones param-
Ci—P1—0; 101.5 102.7 101.8 101.7 101.9 eters were scaled in order to obtain reasonable liquid density
C1—P1—0s 105.8 103.9 103.5 101.7 101.9 and the heat of evaporation.
0-P—0, 113.2 1154 110.4 116.2 116.0 We performed the iteration procedure for two sets of partial
O,—P1—0Os 116.2 116.2 115.5 116.2 116.0 . . .
0,—P—0, 1028 1014 1059 1044 1047 atomic charges (Table 2). The difference in charges caused a
P,—0,—C, 121.1 121.3 122.0 122.6 122.5 visible difference in resulted LJ parameters but very little
P1—03—Cs 121.9 121.9 122.6 122.6 122.5 difference in torsion parameters, which are identical in the two

Torsion Angle models. The first set of the atomic charges (further on referred
C,—P,—0,—C, 103.1 109.7 105.0 161.1 160.1 to as model 1) was obtained using the Gasteiger procedure.
C,—P1—0;—C; 1759 170.5 170.0 161.1 160.1 Similar charges were produced using the chamguilibration
81:?:82:22 4212'21) ﬂé iéé gg-g gi-g procedure implemented in Ceriu&2However, model 1 does
Oi—Pi—Oz—Cz 749 822 821 933 943 not reproduce the dipole moment of the molecule. In ref 7, the
0;—P,—0,—C, 151.0 144.0 148.2 93.3 94.3 dipole moment of DMMP was estimated as=3.6D from

the dielectric permeability using the Onsager equation. Previ-
a single DMMP molecule in a vacuum and probe MD ously,u = 3.0-3.6 D was reported based on the polarity of
simulations of liquid DMMP. Simple quadratic functions were different bonds in DMMP molecul&Buckingham’s empirical
used for covalent-bond-stretching and angle-bending potentials,approack® for the estimation of the dipole moment from
Ubondr) = Foond — r0)? andUangid ) = Fangid6 — 60)?, where dielectric permeabilities and molecular geometries of pure
ro ando are the equilibrium bond length and angle. The values liquids®>?° resulted inu = 2.48-3.04 D (depending on the
of rg and 6y were chosen to fit the ab initio bond lengths and conformation) with the approximate mean value of 2.78 D.
angles from ref 4. The torsion potentials for dihedral angles These studies show that the dipole moment of DMMP in pure
were fitted using the standard functioWse{6) = =, Vi(1 + liquid is rather high, around 3.0 D, and almost coaxial with the
cos@)) with N = 6. Considerable differences between the P=O double bond. However, model 1 resultsuin = 1.87 D,
dihedral angles of conformer A (Table 1) and the locations of cos,PO) = 0.5, andug = 1.08 D, cos{,PO) = 0.784.
minima of standard dihedral potentials show the importance of Therefore, we employed the second set of charges and LJ
the choice of a scaling factor¥ nonbonded interactions (i.e., parameters (model 2) in order to comply to the results of refs
interactions between the atoms separated by three covalen6 and 8. Model 2 givega = 2.93 D, cos{,PO) = 0.94, and
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TABLE 3: Physical Properties of Pure DMMP Obtained in

This Work from MD Simulations and Experimental Data -8

1: P-P 2: C2-C3 mtramolecular

model 2

1.1562
1.0853
50.11
0.39
13.16

model 1

1.1581
1.0772
50.94

exp

1.1507
1.0717
52.25

0.5 (at 293 ) 1

~
S
Q

p, glcn?®, 303 K

0, glen?, 373 K
AH,—y, kd/mol 303 K
D 10° m¥s, 303 K
Trot dipole 303 K

15 a)

ug = 2.73 D, cosg,PO) = 0.999 (cost,PO)= 1 was not a
target of a fit). The final set of the LJ parameters is close to the
parameters of the united-atom OPLS force fi#ldAs shown
below, the low dipole moment of model 1 causes a phase
separation in DMMP-water solutions in contradiction with the
experimental data. The results described in this paper are
obtained with model 2 unless otherwise stated.

The potential-energy optimization using the force field
developed (model 2) revealed four local minima of the potential
energy of DMMP molecule (Figure 2). The asymmetric
conformer A has the lowest potential energy. Geometry of the
asymmetric conformer is in good agreement with the ab initio
results? as demonstrated in Table 1. Since the DMMP molecule
itself has a plane of symmetry, conformer A has a mirror image
of the same stability. The symmetric conformer B (Figure 2b)
is just 2.0 kJ/mol less stable. The potential energies of the other
two conformers C and D (parts ¢ and d of Figure 2) are much
higher, which allows us to assume that their concentrations in
liquid DMMP are negligibly small.

0.5

0

0.15

b)

e
=

e
S
v

relative frequency

3. Pure DMMP Liquid

Simulation Details. The MD simulations of pure DMMP
were carried out at constant temperature and pressure (that is,
in NPT ensembleY = 303 and 403 K ang = 1 atm. DMMP
(400 molecules) were placed in a cubic periodic basic cell with
3D periodic boundary conditions. The conformations in the
initial configuration were chosen randomly. The simulation angle, deg
software used was the M.Dykix4.3 packag® obtained from gigyre 3. (a) Radial distribution functions in pure DMMP: (1)
Stockholm University. The equations of motion were solved RDF and (2) intramolecular contribution ta-€C; RDF at 303 K. The
using the Verle® leapfrog scheme with the time step of 1 fs. first peak of the G-C; RDF corresponds to symmetric conformation
Covalent bonds were constrained by the SHAKE algorithm. A (Figure 2a), the second peak corresponds to asymmetric conformation
Temperature and pressure were maintained with the Nose B (Figure 2b). (b) The distribution of the,€P,—0,—C; torsion angle.
Hoove?5:26 thermostat. Each system was simulated over 500 The equilibrium angle is 10%or conformer A and 160for conformer
ps, and the statistics were collected during the last 250 ps.

Translational diffusion coefficients were calculated from the g (Figure 2) prevail in the solution. In Figure 3a, asymmetric
mean square displacement (MSD) using the Einstein relationshipconformation A, where the distance betweena@id G atoms
and the velocity autocorrelation functions (VACF). Distinct 5 ¢4 3.95 A, corresponds to the first peak of intramolecular
regions of linearity on MSD vs time correlations were observed rpr. Symmetric conformation B (equilibriumy,E€Cs distance

for all systems. The rotational mobility of molecules was of 4.5 &) corresponds to the first peak. Conformer A, which is
characterized by reorientation and rotation correlation times  yore stable in a vacuum, also prevails in the liquid (Figure 3b).
andr; for the dipole vector, estimated from the corresponding |t js worth noting that the conformational behavior of liquids is
autocorrelation function€;(t), which were assumed to decay often controlled by intermolecular interactions and may differ
exponentially att > 4 ps. The heat of vaporization was grastically from that in a vacuum. The “folded” conformer D
calculated from the potential energy and density of the liquid, giscussed in refs 6 and 7 was not observed in the solution.
assuming that the coexisting vapor was an ideal gas. Figure 4a shows the RDF in liquid DMMP. Naturally, the

Thermodynamic Properties. For both models of DMMP, hegatively charged oxygen atoms repel each other. On the other
we have obtained good agreement with the experimental densnyhand, the CHgroups are attracted to each other by strong van
and heat of evaporation. One could notice that the translational yer \waals forces. Quite unexpected was a strong affinity of the
diffusion and the rotation mobility are fairly slow, about 1 order CHs group attached to the central phosphorus atom to the
of magnitude lower then those of pure water. MD simulations oxygen that forms a double bond with the phosphorus. This

at 373 K were performed to measure the thermal expansion crrelation is strong enough to produce a secondary peak at
coefficient. Although the model slightly overestimates the 57 A on the G—0; RDF.

expansion, the agreement with experiment is quite reasonable

60 120 180

(Table 3).
Molecular Structure. An analysis of the intramolecular radial
distribution functions (RDF) shows that conformations A and

4. DMMP —Water Solution

Simulation Details. Water was presented by a rigid three-
center SPC/E modél,which reproduces quite accurately the
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1: 01-Cl 1: O1-OW (mixture)
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Figure 4. Radial distribution functions in pure liquid DMMP and mixture | (33 vol % DMMP solution in water) at 303 K: (a) pure DMMP; (b)
comparison between-A° (1) and C3-C3 (2) RDFs for pure DMMP (symbols) and mixture (lines); (c) same for oxygxygen RDFs (see
legend); and (d) RDFs for the mixture.

: : e - TABLE 4: Simulated Systems and Physical Properties of
plensny, the heat of evaporation, and the diffusion coefficient Aqueous Solutions of DMMP with DMMP Volume Fraction
in pure water at ambient temperatufédNe explored three of 33 and 50% Obtained from MD Simulations at 303 K

different compositions using model 1 (DMMP volume fraction

of 25, 50, and 75%) and two compositions with model 2 mixture | mixture Ii
(DMMP volume fraction of 33 and 50%). The simulation  Nomwe 33 58
methods and details were the same as in simulations of pure Nu,o 396 342
DMMP (Section 3). The compositions and the resulting physical volume fraction DMMP 0.332 0.503
properties of the two mixtures are summarized in Table 4. mass fraction DMMP 0.365 0.539

Phase Behavior and Thermodynamic PropertiesSimula- mole fraction DMMP 0.077 0.145
tion with model 1 showed a phase segregation in the water glem? - . 1.0674 1.0902
DMMP mixture. DMMP turned out to be immiscible with water, ~ €XC€SS mixing V°|umA\ﬁm‘X’ mL/mol _0'3(3 _0'33;
in apparent contradiction with the reality. The separation :zg:zz m:i::g \éﬁltl;\r:li&g aimel - (:)Li’ 9/" _01'210 &
occurred at all three compositions (25, 50, and 75% vol). The Donue, /s (from MSD) 4.53 10°

wrong phase behavior is apparently caused by a low dipole

) (from VACF) 4,57 10°
moment of the DMMP molecule produced by the atomic charges Drzo, CIT¥/s (from MSD) 1.022 166
of model 1. (rot) 9.8ps

On the contrary, model 2 predicted a hydrophilic solvation TE?QQ)MP’ Ps 3.8ps
of DMMP in water with negative excess mixing volume and Trzor PS P
enthalpy, which is typical for two polar liquids that are able to equal at these two concentrations, that make us assume that
form hydrogen bonds. For example, Figure 4b demonstrates thattheir dependences on the composition have minima somewhere
water prevails in the first solvation shell of DMP molecule, since between 33 and 50% DMMP volume fraction. Many mixtures
RDFs for heavy DMMP atoms in solutions are lower than those of hydrogen-bonding liquids exhibit minima in the intermediate
in pure DMMP at short distances. From MD simulations of concentration range, including some alchohols and dimethyl
mixtures and pure components, we determined excess mixingsulfoxide. As expected, the mobility of DMMP molecules in
volumes and enthalpies for the two compositions of 33 and 50% the mixture is higher than in the pure liquid, while the mobility
vol (Table 4). The excess thermodynamic functions are almost of H,O is substantially lower than that in the pure water. It
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should be noted that the translation diffusion coefficients derived correlation functions of individual water molecules, which
from MSD and VACF coincide nearly exactly (Table 4). indicates that no long-living DMMfMH,0O complexes are present
Hydrogen Bonding. In DMMP—water solution, water is able  in the aqueous solutions.
to donate and accept hydrogen bonds while DMMP only accepts
hydrogen bonds with its three oxygen atoms. In this paper, ACknOWledgment. The authors thank D. Rivin for continu-
hydrogen bonding was considered using geometric criteria thatOUs interest and stimulating discussions. The work is supported
are applied commonly in molecular simulations; two oxygen Py the US ARO, Grant DAAD190110545.
atoms were considered to be connected by a hydrogen bond
via a hydrogen atom if the distance between them did not exceed
3.4 A and the (OHO) angle exceeded 120 degrees. As expected
the “ether” @ and Q@ atoms showed almost no ability to
hydrogen bond (0.1 bond on average per atom), and tfedt
that forms a double bond with phosphorus and carries a larger
negative charge of-0.69 showed significant ability to accept
hydrogen bonds from water (1.5 bonds on average). On averagegsg.
one DMMP molecule accepted 1.7 hydrogen bonds from water,  (3) Suzin, Y.; Nir, I.; Kaplan, D.Carbonl 200Q I3|_8, 1129. _
that agrees well wih the estimate of 2 bonds per DMMP (&) Suenam, 2 D ko, © 00 PUssuelic 0 7 Lesary A
molecule made in ref 28 from IR spectra. The ether-type 517 110,
oxygens, which do not show any considerable hydrogen  (5) Arbuzov, B. A.; Vinogradova, V. Szvestiya Akademii Nauk Ssst-
bonding, do not even have a first peak on the RDFs with water Seriya Khimicheskaya952, 865. _
oxygens. On the contrary, the;©@0w RDF exhibits a sharp (6) Arbuzov, B. A.; Shavsha, T. Gzv. Akad. Nauk Ser. Khin1952
peak due to hydrogen bonding (Figure 4c). Furthermore, the '(7) Kosolapoff, G. M.J. Chem. Socl954 3222.
0,—0; RDF is the solution differs qualitatively from that in (g) ggf\z:fpqufég- g/ln-gkAJm- gohkergzse?g;]lgfétpﬁﬁ s%gsé 46 405
pure DMMP (Figure 4c). The pronounced peak at 4 A (io% Barvik. | Stepanek. J. Bok. J. Biomol. Struct. Dyn2002 19,
apparently corresponds to the othera®ygen of DMMP, which 863.
forms a hydrogen bond with the same water molecule. (11) Bencsura, A.; Enyedy, I. Y.; Kovach, I. M. Am. Chem. So¢996
The lifetime of a hydrogen bond was estimated from the 118\155351-|_ - VoG binto. L M NIV
residence times of the Water_ ox_ygen atom near the DMMP o der( lerel?(g/.a/’k.; .\’/anoggg?ﬁ, J. H.?ggﬁze;lggd; O?Sggfmglreib Acids o
oxygen aton?® An average lifetime of 4.4 ps was obtained. Res.2001 29, 2973.
This number is close to the water rotational correlation time (13) Bencsura, A.; Enyedy, I.; Kovach, |. NBiochemistry1995 34,
(Tab!e 4), which m.ea”S that c_omplexes such as those typicalsg?&) Schlenkrich, M.; Brickmann, J.; MacKerell, A. D.; Karplus, M.
for dimethyl sulfoxide-water mixture®’ are not observed for  an empirical potential energt function for phospholipids: criteria for
DMMP. parameter optimization and applications Biological MembranesMerz,
Figure 4 Sh‘?""? th.e phOSp_hOFU[ShOSphOFUS an(_:i carben K.Y(:lquO)U)\(NgHeE,d;’J?Itgﬁr%‘z%r,. PI.BXS.;I%]éslggDG.’Ap.FSli.ngh, U. C,; Ghio, C.;
carbon radial distribution functions in 33% vol solution and pure  ajagona, G.; Profeta, S.; Weiner, ®. Am. Chem. Sod984 106 765.
DMMP at 303 K. The first peaks in the mixture are lower than (16) Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A.; Skiff,
in the pure liquid. This means that water prevails in the first W. M. J. Am. Chem. S0d.992 114, 10024.
solvation shellof the DMIMP molecule. e e o003 2208 o i, 2000
(19) Buckingham, A. D.; Lefevre, R. J. W. Chem. Socl952 1932.
5. Conclusion (20) Arbuzov, B. A.; Vinogradova, V. Szv. Akad. Nauk Ser. Khim.
1952 505.
In this paper, we have proposed a simple united-atom (221) Kaminski, G.; Duffy, E. M.; Matsui, T.; Jorgensen, W.XL.Phys.
molecular model for DMMP. The model uses standard potential Chem.1994 98, 13077.
functions for both bonded and nonbonded interatomic inter- . (22) Lyubartsev, A. P.; Laaksonen, omput. Phys. Comr00Q 128
actions, which makes it easy to implement in standard software ~(23) verlet, L. Phys. Re. 1967, 159, 98.
packages for molecular mechanics, molecular dynamics, and (24) vanGunsteren, W. F.; Berendsen, H. JMIl. Phys.1977, 34,

Monte Carlo simulations. The model is capable of reproducing 13%21&-3) Nose. SMol. Phys.1984 52, 255
accurately the ab initio and experimental data on the conforma- (26) Hoover, W. 'G_pﬁ’yé' Re. A 1985 31, 1695.

tions of DMMP and physical properties of the pure liquid. By (27) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, J. Phys. Chem.

use of this model, we explored thermodynamic properties and 1987 91, 6269. | o d

molecular structure of aqueous solutions of DMMP by molecular 88%2)25%”' G.; Harris, |.; Patel, K. Chem. Soc., Faraday Trar992

dynamics simulations. It was shown that the accurate choice of '(29) Vishnyakov, A.; Neimark, A. VJ. Phys. Chem. B00Q 104, 4471.

partial charges is crucially important for correct description of ~ (30) Luzar, A.; Chandler, DJ. Chem. Phys1993 98, 8160.

thermodynamics of the mixture. On average, each DMMP _ (31) Laaksonen, - gOpenMol; 2.0 ed.; CRC, Finnish IT centre for
. . science:. ESpoo, Finland, .

molecule is found to form approximately two hydrogen bonds "~ (33) Giotto, M. V.; Zhang, J.; Inglefield, P. T.; Wen, W. Y.; Jones, A.

with water, but their lifetimes do not exceed the rotation A. Macromolecule2003 36, 4397.
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