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Chapterr  3 

AbAb Initio Molecular  Dynamics Study 
off  Aqueous Solvation of Ethanol and 
Ethylenee 1 

Thee structure and dynamics of aqueous solvation of ethanol and ethylene 
aree studied by density functional theory based Car-Parrinello molecular 
dynamics.. We did not find an enhancement of the structure of the hy-
drogenn bonded network of hydrating water molecules. Both ethanol and 
ethylenee can easily be accommodated in the hydrogen-bonded network of 
waterr molecules without altering its structure. This is supports the conclu-
sionn from recent neutron diffraction experiments that there is no hydropho-
bicc hydration around small hydrophobic groups. Analysis of the electronic 
chargee distribution using Wannier functions shows that the dipole moment 
off  ethanol increases from 1.8 D to 3.1 D upon solvation, while the apolar 
ethylenee molecule attains an average dipole moment of 0.5 D. For ethylene, 
wee identified configurations with 7r-H bonded water molecules, that have 
raree four-fold hydrogen-bonded water coordination, yielding instantaneous 
dipolee moments of ethylene of up to 1 D. The results provide valuable in-
formationn for the improvement of empirical force fields, and point out that 
forr an accurate description of the aqueous solvation of ethanol, and even of 
thee apolar ethylene, polarizable force fields are required. 

lrrhiss chapter is based on: Tïtus S. van Erp, Evert Jan Meijer, "Ab Initio Molecular Dy-
namicss Study of Aqueous Solvation of Ethanol and Ethylene", accepted for publication in 
JournalJournal of Chemical Physics 
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3.11 Introductio n 

Thee study of the solvation of alcohols in aqueous solution is of fundamental 
interestt in physics, biology and chemistry but also of importance in tech-
nicall  applications [26,46-55]. Among the alcohols, ethanol is one the most 
welll  studied compounds. Aqueous ethanol solutions are common in chemi-
call  research and industry applications. Ethanol can be produced by aqueous 
hydrationn of ethylene, that is readily available from natural sources. This 
processs can be accelerated by acid catalysis. The reverse route of decom-
posingg ethanol into water and ethylene is also of importance. For example, 
forr developing countries who do not have a large supply of fossil fuels, de-
hydrationn of ethanol obtained from biomass is often the most economical 
wayy to produce ethylene. As is well known, solvation structures play a cru-
ciall  role in aqueous solution chemistry, where reactive events often require 
aa significant reordering of the water molecules in the solvation shell. The 
solvationn of ethanol and ethylene are therefore crucial in the course of their 
(acid-catalyzed)) interconversion. The aqueous solvation of these molecules 
wil ll  be addressed in the present paper. Elsewhere we report on an ab initio 
molecularr dynamics study of the acid-catalyzed conversion [56]. 

Ethanoll  and ethylene have distinct solvation properties in aqueous so-
lution.. Ethanol is easily soluble as its polar hydroxyl group can partici-
patee in the hydrogen bonded network and the hydrophobic ethyl group 
iss relatively small. In contrast, the apolar ethylene molecule has a much 
weakerr interaction with water and is generally considered to be hydropho-
bic.. Mixtures of water and ethanol have been studied extensively, both ex-
perimentallyy as by molecular simulation. Experimental studies employing 
NMRR [57-61], ultrasonic absorption [62], infrared absorption spectroscopy 
[58,59,63,64],, mass spectroscopy [63,65], X-ray diffraction measurements 
[63,66],, neutron diffraction [66-68], and dielectric relaxation measurements 
[69-72]]  have been performed to unravel the solvation properties of ethanol. 
Molecularr simulation studies using empirical force fields have addressed 
thee equation of state, thermodynamics, and structure and dynamics of sol-
vationn of aqueous ethanol solutions [73-77], The following general pic-
turee of the aqueous solvation in dilute solutions has emerged: the hydroxyl 
groupp participates in the hydrogen-bonded network, while the hydropho-
bicc alkyl group is accommodated in the hydrogen-bonded network of wa-
terr molecules. The nature of hydration structure around the hydropho-
bicc part of alcohols is still a controversial subject. It has been suggested 
[26,46,48,49,51,54,60,61]]  that hydrophobic solutes enforces the network of 
hydrogen-bondedd water molecules around it and decreases their mobility, 
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aa notion referred to as hydrophobic hydration [3,4]. However, recent ex-
perimentall  and computational studies have shown that for small alcohols 
thee structure and dynamics of the water molecules in the solvation shell is 
almostt identical to that of bulk water [67,68,75]. 

Muchh less is known for the solvation of ethylene in water under ambient 
conditions.. Experimental [78] and theoretical [79,80] work addressed the 
clathratee hydrates of ethylene in water. The isolated ethylene-water com-
plexx has been a subject of various studies. In the lowest energy configura-
tion,, the ethylene molecule forms a weak bond with water. An early ab initio 
studyy of Del Bene in 1974 [81] has characterized this interaction as a 7r-H 
hydrogenn bond of a water proton with the TT electrons of the C=C bond. Se-
verall  experimental techniques have been applied to measure the strength of 
thiss interaction, such as the matrix isolation study of Engdahl and Nelander 
[82,83],, the microwave spectra study of Andrews and Kuczkowski [84] and 
thee molecular-beam measurements of Peterson and Klemperer [85]. Re-
centlyy Tarakeshwar et al. [86-88] and Dupré and Yappert [89] have per-
formedd calculations on the ethylene-water complexes with high level ab ini-
tiotio methods. The interaction is weak compared to a hydrogen bonds such 
ass in the water dimer. The role of the ir-H  bond in aqueous solvation under 
ambientt conditions is still an open question. 

Molecularr simulation provides an approach to study the microscopic be-
haviorr of liquids complementary to experimental studies. All molecular 
simulationss studies of aqueous ethanol solutions up to now are based on 
empiricall  force fields that are designed to reproduce a selection of experi-
mentall  data. Obviously, molecular simulations based on these potentials do 
nott provide a picture completely independent from experiment. Moreover, 
thee reliability of the results at conditions that are significantly different from 
thosee where the potential was designed for, may be questionable. Density 
functionall  theory (DFT) based molecular dynamics (MD) simulation, such 
ass the Car-Parrinello molecular dynamics method [2], where the interactions 
aree calculated by accurate electronic structure calculations, provides a route 
too overcome these limitations. This has been demonstrated in studies of liq-
uidd water [14,90,91] and aqueous solvation [92-94]. Important advantages 
off  DFT-MD over force-field MD are that it intrinsically incorporates polari-
zation,, that it accounts for the intra-molecular motion and therefore allows 
forr a direct comparison with spectroscopy of intra-molecular vibrations, and 
thatt it yields detailed information on the electronic properties, such as the 
energyy levels of electronic states and the charge distribution. In a broader 
chemicall  perspective it is important to note that DFT-MD is capable to study 
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chemicall  reactions in solution, where force-field MD would fail completely 
ass it cannot account for the change in chemical bonding. 

Here,, we report on a DFT-based MD simulation of the solvation of ethanol 
andd ethylene. First we describe the simulation methods. Then we show re-
sultss of geometries and energetics of relevant gas-phase complexes, that wil l 
servee as a validation of the numerical methods employed. Subsequently re-
sultss of structure, dynamics, and polarization of the solvated species wil l be 
shown.. We conclude with a discussion. 

3.22 Computational Methods 

Electronicc structure calculations are performed using the Kohn-Sham [9] 
formulationn of DFT [8]. We employed the gradient-corrected Becke-Lee-
Yang-Parrr (BLYP) functional [11,12], that has proven to give a good de-
scriptionn of the structure and dynamics of liquid water [91]. The DFT-based 
MDD simulations of aqueous ethanol and ethylene are performed using the 
Car-Parrinelloo method as implemented in the Car-Parrinello MD (CPMD) 
packagee [35]. Norm-conserving Martins-Troullier pseudopotentials [20] are 
usedd to restrict the number of electronic states to those of the valence elec-
trons.. Cut-off radii for H, O and C atoms were chosen to be 0.50, 1.11 and 
1.233 a.u., respectively both for the l=s and l=p terms. The Kohn-Sham or-
bitalss are expanded in a plane-wave basis, matching the periodicity of the 
periodicc box with waves up to a kinetic energy of 70 Ry. With this basis set 
energiess and geometries are converged within 0.25 kcal/mol and 0.01 A, re-
spectively.. Vibrational frequencies are converged within 1 %, except forr C-O 
andd O-H stretch modes that are underestimated by 3 % and 5 % compared 
too the basis set limit values [93]. In the molecular dynamics calculations, 
thee fictitious mass associated with the plane-wave coefficients is chosen at 
9000 a.u., which allowed for a time step in the numerical integration of the 
equations-of-motionn of 0.145 fs. 

Too validate the computational approach we compared CPMD results for 
energiess and structures of relevant gas-phase molecules and complexes with 
state-of-the-artt atomic-orbital DFT-BLYP calculations performed with with 
thee Amsterdam density functional (ADF) [95-98] code, and other high-level 
quantumm chemical results taken from literature. The gas-phase calculations 
withh CPMD were performed in a large periodic box of 10 A using the 
screeningg technique of Ref. [36] to eliminate the interactions among peri-
odicc images. We have not included zero-point energies in the energies of 
thee gas-phase compounds. This also holds for computed energies taken 
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fromm literature and referred to in the present paper. This, to ensure a proper 
comparisonn between our results and those from literature. 

Thee MD simulations of the solutions were performed for a 'small' and 
aa 'large' system to assess the finite size effects. For the small system a si-
mulationn of 10 ps was performed in a cubic periodic box of length 10.07 A, 
bothh for an ethanol solution of 31 waters and 1 ethanol as for an ethylene 
solutionn of 32 water and 1 ethylene. For the large system 5 ps simulations 
weree performed using a periodic box with bcc symmetry and a volume of 
1977.66 A3. This periodic cell, a truncated octahedron, is in shape closer to a 
spheree than a simple cube, and therefore better suited for liquid simulation. 
Thee large ethanol solution consisted of 63 waters and 1 ethanol, while the 
largee ethylene solution consisted of 64 waters and 1 ethylene. Thee box sizes 
forr both the ethanol and ethylene solutions were set to match the experi-
mentall  densities of the ethanol solutions under ambient conditions. For the 
ethylenee system this wil l be slightly larger than the experimental density, as 
thee effective volume of ethanol is a bit smaller than the combined volume of 
ethylenee + water. However, we do not expect this to give rise to observable 
changess in the calculated properties. For reference we performed 10 ps MD 
simulationss of a single ethanol and ethylene in a periodic cubic box of 10 
AA , and a pure water systems of 32 water molecules in a cubic box of 9.85 
AA for simulation times of 10 ps. For all simulations there was an initial equi-
librationn trajectory of 1 ps. Temperature was controlled by a Nosé-Hoover 
thermostatt [42-44] and fixed at 300 K. 

3.33 Gas-Phase Complexes 

Thee ethanol monomer has two stable conformers very close in energy: the 
symmetricc trans structure and the a-symmetric gauche structure (see Fig. 3.1). 
Thee main distinction is the orientation of the OH bond with respect to the 
CCOO plane. A microwave study [99] has shown that the trans form is slightly 
(0.122 kcal/mol) more stable than the gauche form. Tab. 3.1 lists the most im-
portantt geometric data of the trans and gauche conformers, and compares 
thee CPMD results with ADF calculations, B3LYP calculations [100], and ex-
perimentall  data [101]. CPMD and ADF bond lengths differ at most 0.01 
AA and angles are within 0.5°. Comparing CPMD with B3LYP and experi-
mentall  values yields differences upto 0.03 A and 0.5°, and 0.04 A and 1° re-
spectively.. The calculated energy difference between the two conformers is 
listedd in Fig. 3.2. CPMD, ADF, B3LYP of Ref. [102], and fourth-order Möller-
Plessett perturbation (MP4) [103] predict the trans conformer to be stable 
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Figuree 3.1: Illustration of the trans and gauche conformers of ethanol. 

byy 0.07-0.10 kcal/mol, in good agreement with the experimental value of 
0.122 kcal/mol. In contrast, the B3LYP calculation of [100] yields the oppo-
site,, with the gauche conformer stable by 0.23 kcal/mol. Vibrational fre-
quenciess obtained by a Fourier transform of the velocity auto correlation 

Tablee 3.1: Gas-phase complexes: ethanol gauche and trans monomer. Distances in 
A,, angles in degrees. Our results: CPMD-BLYP and ADF-BLYP, are comparedd with 
B3LYP/6-3111 G(2d,2p) [102] and experimental microwave spectroscopy data [101]. 

Geometry y 
Method d 

< r C H H 
< r C H H 

r OH H 
rCO O 
rCC C 

>> (in CH3) 
>> (in CH2) 

aCOH H 
«CCO O 

Geometry y 
Method d 

< r C H H 
< r C H H 

r OH H 
r CO O 
rCC C 

>> (in CH3) 
>> (in CH2) 

aCOH H 
«CCO O 

Gauche e 
CPMD D 
0.981 1 
1.455 5 
1.529 9 
1.099 9 
1.100 0 
108.0 0 
113.0 0 

ADF F 
0.971 1 
1.447 7 
1.532 2 
1.097 7 
1.099 9 
108.2 2 
113.1 1 

B3LYP P 
0.961 1 
1.429 9 
1.521 1 
1.091 1 
1.092 2 
108.7 7 
113.0 0 

EXP P 
0.945 5 
1.427 7 
1.530 0 
1.094 4 
1.094 4 
108.3 3 
112.2 2 

Trans s 
CPMD D 
0.980 0 
1.458 8 
1.523 3 
1.098 8 
1.103 3 
108.4 4 
107.6 6 

ADF F 
0.970 0 
1.449 9 
1.524 4 
1.096 6 
1.102 2 
108.4 4 
108.0 0 

B3LYP P 
0.960 0 
1.432 2 
1.515 5 
1.090 0 
1.095 5 
109.0 0 
108.0 0 

EXP P 
0.945 5 
1.425 5 
1.530 0 
1.094 4 
1.094 4 
108.3 3 
107.2 2 
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ethene e 

+11 water 

ii  gauche 
transs , 

ethanol l 

i-ll  water 

EWlb b 
EWla a 

E2W' ' 

gauchee H-don 
transs H-don 
transs H-acc 
gauchee H-acc 

) 4 | ''  I 

Thiss work 

1 1 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

CPMD D 

9.09 9 

0.08 8 

4.75 5 

0.07 7 

0.82 2 

1.22 2 

1.45 5 

0.05 5 

2.27 7 

ADF F 

9.35 5 

0.08 8 

4.60 0 

0.09 9 

0.81 1 

1.00 0 

1.41 1 

0.06 6 

2.25 5 

literature e 

Computational l 

0.077 (a), 0.10 (b), -0.23 (c) 

4.4-5.44 (e) 

-0.922 (e) 

2.3-2.99 (f,g), 2.0-3.3 (h) 

0.13(f) ) 

3.8-5.66 (j), 3.8-4.7 (g) 

Exp. . 

0.12(d) ) 

3.77 (i) 

5.5-6.11 (k) 

Figuree 3.2: Relative energies of ethylene-water and ethanol-water in kcal/mol. 
Zero-pointt energies (ZPE) are not included. For ethylene, the energies are rela-
tivee to the separate molecules, whereas for ethanol the separate water and trans 
ethanoll  conformer is taken as the reference value. 3 and 7 indicate the bin-
dingg energies of ethanol and ethylene respectively. 9 is the binding energy be-
tweenn ethylene and the water-dimer. The literature values are: a: MP4-(SDQT)/cc-
pVTZZ [103], b: DFT/B3LYP/6-311G(d,p) [102], c: DFT/B3LYP/6-311G(d,p) [100], d: 
microwavee experiment [99] e: MP2/6-311+G(2df,2p)+BSSE [104], f: MP2/TZ2P++ 
[86],, g: MP2/ 6-311+G(2d,2p) [89], h: CCSD(T) / aug-cc-pVDZ [88], i: Matrix isola-
tionn study [83], j : MP2/aug-cc-pVDZ [87], and k: Matrix isolation study [82]. For 
(e),, (f), (g), and (h) we gave the BSSE-corrected (lowest value) and the non-BSSE 
correctedd values (highest value), (i) and (k) are the experimental values minus the 
ZPEE of [89]. 
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functionn (VACF) of a single ethanol at 300 K yields an OH stretch frequency 
off  3200 cm-1 and a CH stretch frequencies in the range of 2600-2800 cm-1. 
Thiss should be compared to the experimental values of 3653 cm- 1 [102], and 
2800-30000 cm-1 [63,102], respectively. The tendency of BLYP to underesti-
matee frequencies by « 10% is a known feature, and also observed in BLYP 
calculationss of water [91] and methanol [93]. 

Forr the ethanol-water complex we distinguished four complexes, with 
bothh the ethanol trans and gauche conformer acting as proton donor or ac-
ceptorr in the hydrogen bond with water. Tab. 3.2 lists the most important 
geometricc data obtained with CPMD and ADR Fig. 3.2 shows the energy 
differencess for all complexes. As for the ethanol monomer there is excel-
lentt agreement between CPMD and ADF results, with deviations within 
0.022 A and 2° for bond lengths and angles, and the binding energies within 
0.22 kcal/mol. This indicates a state-of-the art accuracy of the electronic-
structuree method employed in CPMD. The CPMD-BLYP calculation pre-
dictss the complex with the water molecule donating a proton to the ethanol 
gauchee conformer to be the most stable, with a binding energy relative to 
thee isolated water and trans ethanol conformer of 4.75 kcal/mol. The com-
plexx with the ethanol trans conformer donating a proton is less stable by 
0.822 kcal/mol. Switching to the other ethanol conformer within either com-
plexx destabilizes the complex by 0.07 and 0.4 kcal/mol, respectively. The 
relativee stability of the ethanol donor and acceptor complexes is similar 
too that for the methanol-water complex where CPMD-BLYP [93] and the 
complete-basis-sett second-order Möller-Plesset perturbation (MP2) estimate 
[105]]  yields the methanol acceptor complex stable by 0.74 and 0.35 kcal/mol, 
respectively.. There are no experimental data for the structure and energe-
ticss of the ethanol-water dimer. The MP2 result of Ref. [104] provides the 
onlyy high-level quantum mechanical study reported in literature. This study 
doess not distinguish between the trans and gauche conformers. Therefore, a 
comparisonn with our results is somewhat limited. For the ethanol acceptor 
configurationn the MP2 and CPMD-BLYP result for the complexation energy 
aree similar. However, for the ethanol donor configuration the MP2 com-
plexationn energy is more than 1.3 kcal/mol larger than the CPMD-BLYP 
results.. Consequently, the MP2 calculations yield an opposite relative sta-
bilit yy of the two water-ethanol configurations, with an energy difference of 
0.922 kcal/mol. It should be noted that in the same study the methanol-
waterr complex with the methanol as hydrogen bond donor is found to be the 
mostt stable, in contradiction with the MP2 basis-set limit result of Ref. [105], 
Thiss suggests that in the Ref. [104] a limited basis set or other factors could 
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Tablee 3.2: Gas-Phase complexes: ethanol-water dimers. Distances in A, angles in 
degrees.. CPMD-BLYP and ADF-BLYP are compared. We differentiate four com-
plexess with the ethanol can be in the gauche or trans geometry and acts as proton 
acceptorr or proton donor in the ethanol-water hydrogen bond. Hn& is the hydrogen 
off  the water that is not involved in a hydrogen bond, Q is the hydroxyl carbon, C2 
iss the methyl carbon and O^ is the water oxygen. 

Geometry y 
H-bond d 
Method d 

r QHH i n H 2 0 

TQJ-JJ in eth. 
rOHH H-bond 

rCC C 
rCO O 
rOO O 

OuiCi i 

aHOHinH20 0 
aCOH H 

aOH-O O 
Geometry y 

H-bond d 
Method d 

rQfirQfi  in H20 
r OH„ 6

inH2° ° 
rQnrQn in eth. 

rOHH H-bond 
r c c c 
rCO O 
rOO O 

rrOOwwCi Ci 
aa HOH in H20 

aCOH H 
aOH-O aOH-O 

Gauche e 
H-acc c 
CPMDD ADF 
0.9944 0.981 
0.9811 0.970 
0.9811 0.971 
1.9344 1.912 
1.5266 1.528 
1.4699 1.457 
2.9244 2.884 
3.6533 3.626 
3.9322 3.920 
104.22 105.0 
107.99 108.4 
172.66 170.2 
Trans s 
H-acc c 
CPMDD ADF 
0.9933 0.982 
0.9788 0.969 
0.9822 0.970 
1.9288 1.929 
1.5211 1.522 
1.4744 1.460 
2.9088 2.989 
3.6411 3.641 
4.0133 4.008 
104.66 105.0 
107.99 108.2 
168.11 168.4 

H-don n 
CPMDD ADF 
0.9811 0.972 
0.9811 0.971 
0.9877 0.978 
1.9888 2.011 
1.5322 1.533 
1.4522 1.440 
2.9788 2.983 
3.7733 3.793 
4.1288 4.033 
104.66 104.9 
108.55 108.7 
172.44 172.8 

H-don n 
CPMDD ADF 
0.9811 0.972 
0.9822 0.971 
0.9888 0.977 
1.9600 1.993 
1.5233 1.526 
1.4544 1.442 
2.9888 2.968 
3.8155 3.764 
5.2299 5.189 
104.22 104.9 
108.99 108.5 
175.00 174.1 
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havee lead to spurious reversal of the relative stability of the two water-
ethanoll  configurations. The CPMD-BLYP hydrogen bond interaction energy 
forr the ethanol-water dimer is of the same order of magnitude as the CPMD-
BLYPP result for the water-water [91], water-methanol [93], and methanol-
methanoll  [106] dimer. Comparison of these three dimers against high-level 
quantumm chemical calculations and experimental values indicates that BLYP 
underestimatess the binding energy by approximately 1 kcal/mol. For the 
ethanol-waterr dimer we could expect a similar difference. Here we should 
addd that going from water, via methanol, to ethanol the dispersion forces 
becomee increasingly important. These are not accounted for in gradient-
correctedd functionals such as BLYP. Correlated methods such MP2 incor-
porate,, to a good approximation, dispersion forces. In Ref. [106] we esti-
mated,, in a comparison of BLYP and high-level MP2 calculations [107] for 
thee methanol-dimer in non-hydrogen bonded configurations, that the ab-
sencee of dispersion interaction in BLYP amounted to an underestimate of 
thee binding energy of «1 kcal/mol. For the ethanol-water dimer this num-
berr could serve as an underestimate. Yet, although by far not insignificant, 
thee magnitude of the deviation is much smaller than the hydrogen-bond in-
teraction.. Therefore, it can be argued that for a study of aqueous ethanol 
neglectingg the dispersion interaction is acceptable. 

Nextt we discuss the ethylene-water complexes. We wil l consider com-
plexess with a single water and a water dimer. The dominant interaction of 
waterr with ethylene is a TT-H bond, where a proton of the water molecule 
bindss to IT electrons of the double C=C bond. There exist two stable com-
plexess between ethylene and a single water molecule, indicated as the EWla 
andd EWlb geometry (see Fig. 3.3). Both geometries have Cs symmetry with 

tt  > 
Figuree 3.3: Illustration of the EWla and EWlb ethylene-water complexes, 

thee plane of the water molecule orthogonal to that of ethylene molecule. In 
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thee EWla structure the water-plane is parallel to the C=C bond, whereas in 
EWlbb it is orthogonal. In Tab. 3.3 we compare the CPMD-BLYP geometries 
withh ADF-BLYP and MP2 [86,89] and coupled-cluster singles and doubles 
(CCSD)) [88] results. Fig. 3.2 shows the energy differences, and compares 
thesee to values reported in literature. Again, the CPMD and ADF results are 
inn excellent agreement, with energies smaller than 0.02 kcal/mol, and ge-
ometriess within 0.01 A and 0.3°, except for the non bonded OHn& distance 
thatt is related to water orientation, a coordinate along which the energy 
surfacee is relatively flat. The BLYP result shows a significant 7r-H binding 
energyy of «1.4 kcal/mol. However, in MP2 [86,88,89] and CCSD [88] cal-
culations,, binding energies are « 1-2 kcal/mol stronger, accompanied by a 
shorterr ir-H  bond with differences of 0.12 A and 0.14 A for EWla and EWlb, 
respectively.. The comparison with the experimental value gives a similar 
picturee with the BLYP underestimating the binding energy by « 2 kcal/mol. 

Tablee 3.3: Gas-Phase complexes: ethylene-water, EWla, EWlb structures (see 
Fig.. 3.3). Distances in A, angles in degrees. CPMD-BLYP, ADF-BLYP and MP2-
TZ2P+++ [86] calculations are compared. H is the water-hydrogen involved in the 
7T-HH bond; H„t, is the other hydrogen of the water molecule. CM is the midpoint of 
thee two carbons of the ethylene molecule. 

Geometry y 
Method d 

r c c c 
rH-CM M 
rO-CM M 

rHn6-CM M 
rOH H 

rOHn6 6 
aHOH H 

EWla a 
CPMDD ADF MP2 
1.3344 1.336 
2.4833 2.485 2.363 
3.4522 3.460 3.301 
3.9099 3.833 3.816 
0.9844 0.975 0.962 
0.9800 0.970 0.958 
104.22 104.5 104.7 

EWlb b 
CPMDD ADF MP2 
1.3355 1.336 
2.5700 2.524 2.383 
3.5277 3.497 3.337 
3.9577 3.881 3.793 
0.9788 0.974 0.962 
0.9766 0.970 0.958 
104.44 104.5 104.7 

Matrixx isolation studies [82,83] have revealed that the complex of ethy-
lenee with two water molecules consists of a water dimer that has one wa-
terr molecule ir-H  bonded to the C=C double bond. Recent high-level MP2 
calculationss have indicated that the presence of the second water molecule 
enhancess the strength of the 7r-H bond [87,89]. From Fig. 3.2 we see that 
BLYPP result are qualitatively in line with this observation, with a binding 
energyenergy of the (water-dimer)-ethylene complex of 2.25 kcal/mol, up from 
1.411 kcal/mol for the single-water binding. However, quantitatively MP2 
andd BLYP compare less well, with BLYP underestimating both the total bin-
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dingg energy as well as the increase from the single-water binding. Again, 
thee experimental value [82,83], that is closer to the MP2 result, shows a sig-
nificantlyy stronger binding than BLYR Both for the water-ethylene and for 
thee (water-dimer)-ethylene complex the differences of BLYP with MP2 and 
experimentt are significant relative to the total binding energy. This absence 
off  dispersion interaction in BLYP will be an important factor contribution to 
thiss discrepancy. 

Overall,, we conclude that the reference calculations provide confidence 
thatt BLYP is capable of a quantitative study of a the aqueous solvation of 
aa single ethanol molecule where interactions are dominated by relatively 
strongg hydrogen bonds. BLYP qualitatively accounts for the weaker 7r-H 
bindingg in water-ethylene systems. However, comparison with MP2 and 
experimentall  data suggest that its strength is significantly underestimated. 
Yet,, for a single solvated ethylene the hydrogen bonds among the solvating 
waterr molecules will be the dominant interaction. Hence, we believe that 
BLYPP will be able to quantitatively describe dilute aqueous ethylene solu-
tions.. Both for ethanol and ethylene the absence of dispersion attraction in 
BLYPP will have some impact, in particular for the coordination around the 
CH22 and CH3 groups, where BLYP only accounts for the steric repulsion. 
Exceptt for the notion of the absence of the dispersion interaction, a better 
understandingg of the performance of BLYP, its agreement and differences 
withh MP2 and experimental results, is desirable. This falls outside the scope 
off  the present work but would be an important topic of future work. 

3.44 Solvation Structure 

3.4.11 Ethanol Solvation 

Fig.. 3.4 shows ethanol-water radial distribution functions (RDFs) of the 
smalll  and large ethanol solutions. The pronounced structure in the hydro-
genn bonding RDFs (HH, OH, HO, OO) are a clear indication of the presence 
off  hydrogen bonds. All RDFs show that the small system gives a good de-
scriptionn of the first solvation shell, while the large system also includes 
thee second solvation shell. The peak positions of the force-field simula-
tionss of Fidler and Rodger [75], indicated by crosses, are close to our results. 
Notee that the good agreement for the CO RDFs, that are potentially sensi-
tivee to a proper description of the dispersion attraction, suggests that the 
absencee of the dispersion interaction in our CPMD-BLYP simulation is of 
limitedd importance for a proper description of the aqueous solvation of the 
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Figuree 3.4: Ethanol-water RDFs of the ethanol solutions. All insets show both the 
resultss of the small (solid line) and the large system (dashed line). For all graphs 
gABgAB indicates that the first atom A belongs to ethanol and the second atom B be-
longss to water. If the first is a hydrogen, A=H, then always the hydroxyl hydrogen 
off  the ethanol is meant. Q is the carbon bonded to the hydroxyl group, C2 is the 
carbonn of the methyl group. 

hydrophobicc group of ethanol. The position of the first peak of the OH- and 
HO-RDFF indicates that the average hydrogen-bond length is 1.7 A for both 
thee ethanol-donor and -acceptor bond. Integration of the OO-RDF upto the 
firstt minimum r = 3.3 A yields on average 3 water molecules in the first 
solvationn shell of the hydroxyl group, in good agreement with the neutron 
diffractionn value of as 3 [68] . Integrating the methyl-oxygen (C20) RDF up 
too r = 5.7 A indicates that the first solvation shell of the methyl group con-
sistss of approximately 21 water molecules. These coordination numbers are 
off  the same order as the experimental estimation of Petrillo et al. [66], who 
foundd that there are 18  2 water molecules within 4 A from the center-of-
masss of an ethanol in aqueous solution. 
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3.4.22 Ethylene Solvation 

Inn Fig. 3.5 we show the ethylene-water RDFs of the small and large ethylene 
solution.. Both the carbon-oxygen and the intermolecular carbon-hydrogen 
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Figuree 3.5: Ethylene-water RDFs of the ethylene solutions. The result for small 
systemm and large system are given by the solid and dashed line, respectively. H 
denotess the water hydrogens only. 

RDFss are shown. Experimental or simulation data for ethylene in aqueous 
solutionn at room temperature were not available. The comparison between 
thee small and large system shows a larger deviation in the first solvation 
shelll  than was found for the ethanol solutions. Apparently the small ethy-
lenee system is not able to accommodate properly the first solvation shell. 
Integrationn the CO-RDF of the large system up to the first minimum at 5.7 
AA yields a hydration shell of 23 water molecules. More spatial information 
cann be extracted from Fig. 3.6 where, for the large system, the distribution 
off  water H-atoms around the ethylene C=C axis is shown. X and Y are 
componentss of the vector joining a water hydrogen and the midpoint of the 
C=CC bond. Here, X is the distance orthogonal to the C=C axis and Y the 
parallell  distance. Note that we used the four-fold symmetry to improve the 
statisticall  accuracy yielding four identical quadrants. The ethylene hydro-
genss are shown to visualize the size of the ethylene molecule, but do not 
indicatee any angle dependence around the C=C axis. The figure shows a 
welll  defined elliptic region with no hydrogens present except for two weak, 
butt clearly visible, peaks in the mid plane Y = 0 at X = . These should 
bee attributed to the presence of it — H bonded configurations. 

3.4.33 Water  Structur e 

Inn Fig. 3.7 the calculated water oxygen-oxygen RDFs of both the ethanol and 
thee ethylene solutions are compared to those calculated for pure water. Note 
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Figuree 3.6: Time and rotational averaged normalized density distribution p(r)/p0 

(withh po is the average hydrogen density) of the water-hydrogens around the sol-
vatedd ethylene molecule obtained from the large system simulation. The rotational 
averagee is about the C=C axis. The four-fold symmetry is imposed so that all qua-
drantss contain the same information. The density regions 1.0 < p(r)/p0 < 2.0 and 
p(r)/pop(r)/po > 2.0 are illustrated by small and large pixels, respectively. 

thatt the first solvation shell contains a large fraction of the total number of 
waterr molecules, especially for the small system. Structural changes due to 
thee solute molecule should therefore be detectable by comparing these sys-
temss with the pure water system. For the ethanol solution we see a small 
dropp of the first peak accompanied by a slight increase at the first minimum. 
Thiss indicates some decrease in the hydrogen-bond structure, when com-
paredd to the pure water. As the small ethylene-water solution is too small to 
accommodatee a fully relaxed water solvation shell, Fig. 3.7 only shows the 
RDFss of the large ethylene system. The RDFs show a similar behavior as for 
thee ethanol solvation, with a slight decrease of the first peak and a small 
increasee of the RDF in the region around the first minimum. The small 
changess in the structure of the solvating water shell around ethanol and 
ethylenee indicate that the hydrogen-bonded water network is very flexible 
andd can easily open up to accommodate small apolar solute groups with-

ii  I I i r 

JJ I I 
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outt significantly changing its structure. Our findings are consistent with the 
neutronn diffraction experiments of Turner and Soper [67] and force-field mo-
lecularr dynamics simulation of Fidler and Rodger [75] who also did not find 
anyy evidence of structural enhancement in the hydration shell of ethanol. 
Turnerr and Soper found that only for larger hydrophobic solutes this effect 
wass experimentally detectable, but even then very small. The same trend 
wass found in a CPMD-BLYP molecular dynamics study of the solvation of 
methanoll  [93]. 
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Figuree 3.7: Water-water RDFs. Left: the two ethanol solution systems are compared 
withh pure water. Right: the large ethylene solution system is compared with pure 
water.. Thin solid lines indicate the pure water, thick solid lines the small system, 
andd thick dashed lines the large system. 

3.4.44 Hydrogen Bonds 

Too examine the hydrogen bond statistics in the ethanol solution we adopted 
thee definition of Ref. [31]: two molecules are hydrogen bonded if simulta-
neouslyy the inter-oxygen distance is less than 3.4 A and the OHO angle is 
smallerr than 30°. With this definition we found that, for the large system, 
ethanoll  oxygen donates on average 0.9 hydrogen bonds and accepts 1.7. For 
thee small system we found 1.0 and 1.6, respectively. This in consistent with 
thee fact that approximately three water molecules occupy the first solvation 
shelll  of the hydroxy 1 group. For comparison, in a CPMD-BLYP simulation 
wee found that methanol in a dilute aqueous solution donates on average 0.9 
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hydrogenn bonds and accepts 1.5 [93]. From the pure water simulation these 
numberss were measured to be 1.7. 

Forr the ethylene molecule a well defined definition for the TT-H hydrogen 
bondd does not exist. To investigate the influence of the 7r-H hydrogen bond 
onn the solvation structure we looked at the water hydrogen positions rela-
tivee to the C=C axis (see Fig 3.6). Inside the elliptic region around the C=C 
bondd that is depleted of hydrogens we clearly detect near the center-of-mass 
off  the ethylene molecule at a distance of w 2.5 A a region with an increased 
amountt of water hydrogens. Integration over this region with 0 < X < 2.6 
andd 0 < Y < 1 yields a value of 0.42. This implies that approximately 40% 
off  the time a water molecule is oriented towards the double bond, forming 
aa 7T-H bond. 

3.55 Solute Dynamics 

Thee time scale of the present simulations (5-10 ps) allows for an analysis 
off  the short-time dynamics. As we mentioned above BLYP underestimates 
mostt vibrational frequencies by more than 10 %. However, the frequency 
shiftss upon solvation still provide valuable information and allow for a di-
rectt comparison to experiments. Fig. 3.8 shows the spectrum of the velocity 
autoo correlation functions (VACFs) of the ethanol hydroxyl hydrogen for the 
largee ethanol solution and for a single isolated ethanol. The spectrum is of 
limitedd accuracy due to the relative short trajectory. However, the calcula-
tionss show that, upon solvation, there is a clear red shift of about 200 cm- 1 

off  the OH stretch frequency. Experimental data for the OH frequency shift 
off  ethanol in dilute aqueous solution is not available. However, the OH 
redd shift is a typical characteristic of a hydrogen bonded liquid. A com-
parisonn with measured shifts in liquid ethanol, from 3676 cm- 1 [108] to 
33300 cm'1 [109], shows a similar trend. In a CPMD-BLYP simulation of a 
dilutee aqueous solution of methanol we found a similar red shift for the 
methanoll  OH frequency of about 200 cm- 1 

Thee vibrational spectrum of the VACF of the ethylene molecule is not 
shown.. As for the ethanol system there was a limited accuracy due to the 
relativelyy short calculated trajectory. We observed that upon solvation the 
CHH and CC peaks do broaden. However, an estimate for peak shift falls 
outsidee the accuracy of the calculated spectra. The matrix isolation studies 
off  Engdahl and Nelander [82,83] show minor changes in frequencies when 
isolatedd ethylene is compared with the ethylene-water complex, with the 
largestt shift being a blue shift of 12 cm- 1 of the out-of-plane bending mode 
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Figuree 3.8: Spectrum of the VACF of the hydroxyl ethanol hydrogens in the gas-
phasee and in the large aqueous system. 
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3.66 Polarization 

Ass the electronic structure is an intrinsic part of a CPMD simulation, de-
tailedd information about the electronic charge distribution can be obtained. 
Too quantify the charge distribution we used the method of maximally loca-
lizedd Wannier functions that transforms the Kohn-Sham orbitals into Wan-
nierr functions, whose centers (WFC) can be assigned a chemical meaning 
suchh as being associated with an electron bonding- or lone-pair [110, 111]. 
Itt also provides a unambiguous route to assign dipole moments to indivi-
duall  molecules in a condensed phase by assuming the electronic charge to 
bee distributed as point charges located on the WFCs. Obviously, for this 
proceduree to work it is required that the charge distributions of different 
moleculee can be clearly distinguished. This has been demonstrated to hold 
forr liquid water in Ref. [112] where charge overlap of neighboring molecules 
wass rather small. Although we did not perform a similar analysis for the 
systemss of the present study it can be expected that for ethanol-water pairs, 
thatt have a very similar hydrogen bonding, the charge distribution overlap 
wil ll  be equally small. The ethylene-water TT-H bond is much weaker and 
thereforee expected to show even less charge overlap. We therefore believe 
thatt the WFCs provide a meaningful picture of the charge distribution of the 
systemss considered in the present study. 

Tab.. 3.4 list the calculated dipole moments for the gas-phase systems 
andd the average dipole moment for the solvated systems. The latter were 
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Tablee 3.4: Dipole moments obtained by Wannier-ftinction analysis. The liquid wa-
terr value (a) was taken from Silvestrelli et al. [112,113]. In the last column the total 
dipolee moments of the gas-phase complexes are given.The first value for water in 
thee E2W complex is the water closest to the ethylene, the second value is the dipole 
off  the other water molecule. The solvated ethanol and ethylene dipole moments 
aree obtained by taking the average of 28 independent configurations from the cal-
culatedd trajectories. 

complex x 
single-water r 
liquidd water 

ethanoll  gauche 
ethanoll  trans 
gauchee P-acc 

gauchee P-don 
transs P-acc 

transs P-don 
solvatedd ethanol 

ethylene e 
EWla a 
EWlb b 
E2W W 

solvatedd ethylene 

ethanoll  / ethylene 
--
--

1.83 3 
1.66 6 
2.32 2 
1.91 1 
2.13 3 
1.91 1 
3.08 8 
0.00 0 
0.37 7 
0.33 3 
0.51 1 
0.51 1 

water r 
1.82 2 

3.00 (a) 
--
--

2.16 6 
1.91 1 
2.13 3 
2.12 2 
2.97 7 

--

1.95 5 
1.90 0 

2.25,2.17 7 
3.00 0 

total l 
1.82 2 

1.83 3 
1.66 6 
2.76 6 
2.62 2 
2.47 7 
2.29 9 

0.00 0 
2.10 0 
2.02 2 
2.41 1 

obtainedd from 28 independent configurations of the small solvated systems. 
Thee distributions of these dipole moments are shown in Fig. 3.9. For ethanol 
wee observe an significant increase in going from the gas-phase molecule via 
thee water-ethanol cluster to the fully solvated system. This trend is very si-
milarr to what is found for water [112,113] and methanol [106] and may be 
consideredd typical feature of a strongly hydrogen bonding molecule. The 
calculatedd distribution of dipole moments of solvated ethanol shows that 
thermallyy driven fluctuations give rise to a significant variation ranging 
fromm 2.0 D to 4.0 D. 

Alsoo for ethylene we observed a significant change of the dipole moment 
uponn solvation. Being apolar in the gas phase, the average dipole moment 
increasess up to 0.5 D when complexed with the water dimer and in solution. 
Inn solution it exhibits rare fluctuations where the dipole moment reaches 
valuess of up to 1.0 D. Fig. 3.10 shows a typical snapshot where such an 
extremee high value of the dipole moment is reached. The two WFCs of the 
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Figuree 3.9: Dipole moment distribution of the solvated ethylene and the solvated 
ethanoll  molecule. 

ethylenee double bond are located near the middle of the C=C bond, just 
beloww and above the plane of the molecule. In the figure we see clearly 
thatt the upper 7T-WFC is acting as proton acceptor. The n-H bond shifts this 
WFCC further out of plane inducing an ethylene dipole moment orthogonal 
too the plane of the molecule. The snapshot suggests an enhancement of the 
ethylenee polarization by the fact that the n-H bonded water molecule has 
inn turn a rare four-fold hydrogen-bonded water coordination, with three of 
thee waters donating a proton. This should be seen as a manifestation of the 
strengtheningg of the n-H bond upon complexing water molecules with the 
waterr molecule that is 7r-H bonded to the ethylene, a feature found in gas-
phasee MP2 calculations [87,89] and also in the present BLYP calculations, 
andd discussed above in section 3.3. 

3.77 Conclusions 

Wee have studied the solvation of ethanol and ethylene in water by DFT-
basedd (Car-Parrinello) Molecular Dynamics. Validation of the computa-
tionall  approach by comparing structure and energetics of relevant gas-phase 
complexess against experimental results and state of the art quantum chemi-
call  calculations showed that CPMD employing the DFT-BLYP is capable of 
qualitativelyy describing the aqueous solvation of a single ethanol of ethy-
lenee molecule. 

Thee structural properties of the ethanol solvation were in good agree-
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Figuree 3.10: A snapshot of ethylene solvated in water. The figure shows a rare con-
figurationn where the ethylene molecule has a large dipole moment of re 1 D. For 
clarity,, only the ethylene molecule and five water molecules are shown. Carbon 
andd oxygens are dark grey. Hydrogens are light grey. Besides the atoms also the 
WCFss are shown (middle grey). The water molecules have WFCs in both OH bonds 
andd two aside the oxygen corresponding to the lone pairs. Ethylene has four WFCs 
alongg the CH bonds and two out-of-plane WFCs between the carbons correspon-
dingg to the 7T bond. The dashed lines indicate the hydrogen bonds. One the protons 
off  the central water molecules points towards the 'upper' n bond WFC. This is the 
manifestationn of the 7r-H bond in this picture. 

mentt with both neutron diffraction data [67] and force-field MD simula-
tionss [75]. We found that in aqueous solution ethanol accepts on average 1.7 
hydrogenn bonds and donates on average 0.9 hydrogen bonds. For ethylene 
wee found it has approximately 0.4 n-H bonds with a water molecule. Both 
forr ethanol and ethylene the simulations provide no structural evidence for 
hydrophobicc hydration: the structure of the hydrating water shell was not 
enhancedd compared to that of pure water. The calculation even indicated a 
slightt decrease in the structure. For aqueous ethanol the calculated red shift 
off  the hydroxyl vibration upon solvation was consistent with experimental 
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findings. . 
Analysiss of the electronic charge distribution by means of Wannier func-

tionss showed that the interaction with water can significantly increase the 
dipolee moment of the ethanol and the ethylene molecule. The average dipole 
momentt of ethanol increases from 1.8 D in the gas phase to 3.1 D in aque-
ouss solution. Ethylene, that is apolar in the gas phase, attains an average 
dipolee moment of 0.5 D in solution. We identified configurations, with a i\-
HH bonded water molecule that has a rare four-fold hydrogen-bonded water 
coordination,, where the instantaneous dipole moment of ethylene takes val-
uess of up to 1 D. Such configurations with large solute dipole moments may 
alsoo play an important role in activating chemical reactions involving the 
solutess as we have seen in a CPMD-BLYP study of the acid-catalyzed hydra-
tionn of ethene [56]. The strong polarization effect raises questions towards 
thee common consideration of thinking ethylene as a apolar and hydropho-
bicc molecule. The electronic charge analysis also points out the necessity of 
polarizablee force fields for both ethanol and ethylene when dissolved in wa-
ter.. The present results may be considered valuable for the design of such 
force-fields. . 


