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In this study, the hydration of dimethyl sulfoxide was investigated by means of molecular dynamics (MD)
simulations and quantum chemical correlated ab initio calculations. MD simulations show the hydration sites
when the systems are exposed to 1, 3, 6, 16, and 32 water molecules. Various-DMAZD), (n = 1-3)
complexes where waters hydrate sulfo and methyl groups were then reoptimized at the ab initio level. The
hydration of DMSO leads to an elongation of the@ bond and a contraction of methyHE bonds. Whereas

the elongation of the=SO bond is accompanied by a red shift of the respective stretch frequency, the contraction

of the C—H bonds gives a blue shift to the-H stretch frequencies. The former effect is easily explained by

the transfer of electron density to the antibonding orbitals of ts®%®ond, yielding its weakening. Various
mechanisms leading to the contraction of the methyl CH bonds were suggested. They were based on secondary
geometry changes originating from the significant elongation of ##© $ond and also on the changes of

the electron density in DMSO upon complexation, resulting in a rehybridization of the CH bonds. The influence

of the electrostatic field of hydrating waters was also considered. Predicted frequency shifts fully agree with
the observed data. Also, the observed blue shift increase occurring as a consequence of progressive hydration
was interpreted theoretically, and the mechanisms of this phenomenon are suggested.

I. Introduction and 1997 The first systematic investigation of the blue shift
of the C—H stretch frequency was a theoretical study of the
interaction of benzene with various—& proton donorg?
Eecause the most important features of the studiedH€-x
interactions (contraction of the-€H bond, blue shift of the
C—H stretch frequency) were opposite to these in the H bonds,
we called? this specific bonding type an “improper, blue-
shifting” hydrogen bond.

The hydration of alkyl groups of various water-soluble
systems surprisingly is accompanied by a K stretch fre-
guency increase instead of the expected frequency decrease. Thi
was observed experimentally for dimethyl sulfoxide (DMSO),
hexamethylphosphoricacidtriamide, acetonitrile, acetone, THF,
DMF and HMPT! n-propylamine, piperidine, morpholine and
1,4-dioxané, ethanol and phosphocholint.

The hydration of DMSO, yielding a red shift of the=® Until now, ya}rious types of improper blue-shiftipg hydrogen
stretch frequency and a blue shift of the-B stretch frequen- ~ bonds containing the XH proton donor and various proton
cies, was studied using IR and NMR spectroscopiow can acceptors were detected experimentally in the gas or liquid phase

it be explained that the hydration of the=® group in DMSO or were discovered theoreticaly. 2>
gives a red shift of its stretch frequency whereas the hydration The mechanism of H-bonding can be interpreted using
of the CH; group gives a blue shift of its stretch frequencies? electrostatic and charge-transfer models. The realistic picture
Is the standard hydrogen (H)-bond formed in both cases?of H bonding is, however, based on a combination of both
Following the definition of a hydrogen borfdye must answer models. Electrostatic and charge-transfer approaches comple-
no. The H-bond is, according to ref 6, characterized by the ment each other, and only in borderline cases does one approach
elongation of the X-H bond, a decrease of its stretch frequency, becomes dominant. The classical picture of H-bonding is based
and an increase of the intensity of the respective spectral band.on the interaction of lone-pair orbitals of the proton acceptor
These features are called fingerprints of H bonding, and no with the o* antibonding orbitals of the proton donor. A very
exceptions have been mentioned in ref 6 (the book appeared insimilar picture is obtained using natural bond orbital (NBO)
1997). However, in going carefully through the literature, one analysis. Weinhold et &F demonstrated that the charge transfer
finds exceptions. In 1980, Sandorfy et @lvhen measuring the  from lone electron pairs of an electron donor is directed to the
association of fluoroparaffines containing th€HF, group with X—H o* antibonding orbitals of the proton donor. The increase
various proton acceptors, reported the shift of thetCstretch of electron density in antibonding orbitals weakens theHK
frequency to higher values. Further experimental evidence of hond, which leads to its elongation and concomitant lowering
the blue shift of the €H stretch frequency appeared in 1889  of the X—H stretch frequency. Performing the same type of
analysis for complexes with improper blue-shifting hydrogen
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geometrical changes in that part of the electron acceptor. This

primary effect is accompanied by a secondary effect of the H 4 02 H
structural reorganization of the electron acceptor, leading to the p «\_\8
contraction of the X-H bond and a blue shift of the-XH stretch H6 ! H
frequency. f 119
Let us point out here that some features of improper C’ C
H-bonding may be interpreted by the electrostatic model, 3 ]

specifically by optimizing the structure of the proton donor in
the electrostatic field of the proton acceptor (for further details, H 5 H 10
see ref 20). However, a full description of improper H-bonding

(as well as H-bonding; see above) can be obtained only through

a combination of both modefs.

In the present work, we report a theoretical investigation Sy 0.371
(using molecular dynamics (MD) simulations and ab initio 0, -0.515
quantum chemical calculations) of the hydration of DMSO with C; -0.446
the aim of finding the nature of binding at sulfo and methyl H, 0.190
heads and interpreting the experimental findings of the linear H, 0.149
increase of the €H blue shifts with progressive hydration.

He 0.188

Il. Strategy of Calculations & -0.507
The first and most essential question is what the hydration Hs 0:201
Hy 0.204

shell of DMSO looks like. Are the waters predominantly
hydrating the S-O group or the nonpolar CHyroups as well? Hyo 0.169

This problem cannot be solved by ab initio calculations but only Figure 1. Structure of optimized DMSO (RI-MP2/TZVPP level) with
by MD simulations. The hydration of DMSO was recently atomic charges according to the Metollman scheme.

studied by MD simulationg’ but no evidence was reported on

the simultaneous hydration of both heads. It is thus necessarySHAKE algorithm for the handling of very quick €H

to analyze the MD trajectories with the aim of extracting Vibrations was not used. The total duration of the simulations
information on the hydration of methyl groups. Microhydrated Was 1 ps, which is long enough for a proper sampling of the
structures of DMSO will in the second step be reoptimized at configuration space. All calculations were performed using the
the ab initio level, and their stabilization energies and vibrational AMBER 6.0 code with the TIP3P potential for water molecules.
frequencies will be also determined. The hydration of DMSO 1.2. Quantum Chemical ab Initio Calculations. Structures
will be also studied by a continuous solvation model. of DMSO (Figure 1) as well of DMS©:(H;0), (n = 1-3)

The NBO analysis, which correlates well with changes in complexes (Figures-24) were optimized at the RI-MP2/TZVPP
bond lengths, provides characteristics that are closely connected®s3p2d1f/3s2pld] and MP2/6-31G** levels of theory. The
to basic chemical concepts. The NBO analysis will be used to former level yields accurate geometries of isolated systems as
generate information on the changes of electron densities inWell as complexes. We have proved this recently by calculating
proton donors and proton acceptors as well as in the bondingthe rotational constants of canonical cytosfrend the phenol
and antibonding space. We are aware of Shortcomings of thedimer.so The RI-MP2/TZVPP results mentioned above were in
NBO anaiysis (the method overestimates the Charge transfer,both cases close to the eXperimental values. This was also an
for example), but the splitting of changes of electron density argument as to why we did not use the theoretically justified
between the bonding and antibonding space is essential forbut computationally tedious counterpoise-corrected geometry
estimating the Strengthening or Weakening of a bond upon Optimization. Stabilization energies were determined for Opti'
Compiexation_ The Changes in total electron density are Certainiy mized structures. Basis set extension effects were eliminated
free of any model assumptions, but they do not tell us anything Using the Boys-Bernardi function counterpoise methdéand
about the energetics of a bond (see, for example, ref 28). Inthe deformation energy was also evaluated.
other words, an increase or decrease of the total electron density A harmonic vibrational analysis was performed using nu-
does not give any information about the strengthening or merical (RI-MP2) and analytical (MP2) procedures. The RI-
weakening of a bond. Such information can be obtained only MP2 and MP2 calculations were performed using Turboffole
from an analysis of electron density changes in bonding and @hd Gaussian 98 codes, respectively. The NBO analysis
nonbonding space. Electron densities transferred betweenimplemented in Gaussian 98 was evaluated using the MP2
subsystems are small, but these values are chemically significantg€ometries and B3LYP electron densities. The reason is that
Very rough|y’ 0.001e of Charge transfer Corresponds to 1 kcal/ the NBO treatment requires well-defined one-electron densities.
mol of stabilization energy. The electrostatic calculations were performed in the field

The effect of the electrostatic field of water molecules on created by point charges evaluated by using the M&iagh-
the geometrical properties of the DMSO molecule will be Kollman scheme as implemented in the Gaussian 98 code.

studied as well. Optimization was performed with respect to either selected
coordinates only or all degrees of freedom.
[ll. Calculations The continuous solvent calculations were made using the

COSMGC* procedure (DFT/B3LYP/6-31G** level) as imple-

111.1. MD Simulations. MD simulations were carried out in mented in the Gaussian 98 code.

the microcanonicaNVE ensemblely, V, andE represent the

number of particles, volume, and energy, respectively) using IV. Results and Discussion

quick temperature scaling; the temperature was held at about [V.1. Structure of Molecular Clusters Determined by the
300 K. The time step in all simulations was 0.2 fs, and the MD Simulations. The DMSO--H,O complex was studied first.



1034 J. Phys. Chem. A, Vol. 107, No. 7, 2003 Mrazkovaand Hobza

(),-1_)2
11S]3

Figure 2. Structures of optimized clusters of DMSEH0.

16 which provides evidence concerning the existence of the
14, 16 {8 15 ' hydration shell where waters interact with all parts of DMSO
Qﬁ‘) 11 9 G (i.e., with the S=O group as well as with both methyl groups).
15 ) 14 IV.2. Geometry and Properties of DMSO and

DMSO---Water Complexes Determined by ab Initio Calcu-
lations. DMSO. The optimized structure and its atomic charges
are presented in Figure 1, and the respective bond lengths are
given in Table 1.

DMSO-:-H,0. MD simulations show that water preferentially
hydrates the SO group, but for higher hydration numbers, the
methyl groups are hydrated also. We therefore selected three
model structures corresponding to the hydration sfCsand
methyl groups or to the simultaneous hydration of both groups.
The optimized structures of these three structures are illustrated
in Figure 2, and their stabilization energies and geometrical
characteristics are given in Table 2.

Following the expectation, structures A and C, where water
interacts with the SO group, are more stable than structure
B, and also the RI-MP2/TZVPP stabilization energies are larger
than those of the MP2/6-31G** level. The=® bond is
elongated upon complexation in structures A and C, and these
changes are rather large; the MP2/6-31G** calculations give
systematically larger elongations. A considerably smaller change

@ ] ] of the S=O bond as a consequence of hydration appeared in
1 3 e structure B, and more reliable RI-MP2/TZVPP calculations yield
Figure 4. Structure of the optimized cluster of DMS@H.O)s. only a negligible change. Evidently, in structures A and C, an

H bond between an oxygen atom in the=S group and the
The histograms showing the distribution of Syaerdistances  hydrogen in water is formed, and the=® and C-H bonds
(Figure 5), (S-0)—Oyater angles, and (€ S—0)—Oyater dihe- are elongated. Table 2 further shows that theCSonds in all
drals (not presented) are consistent with the existence of onlystructures are contracted and that these contractions are about
one structure where water hydrates the oxygen of DMSO. The 1 order of magnitude smaller in absolute value than the changes
red (dashed) line in Figure 5 exhibits a sharp peak at about 4.6in the S=O bond. Changes in the-G4 bonds are the smallest
A, which supports the existence of only one complex structure. (cf. Table 2) and are similar for all structures. Considering the
Other structures were not apparent during the simulations. In more reliable RI-MP2 results, we find that the-€& bonds are
the case of DMS®-(H»0)s, the simulation is different, and a  mainly contracted upon complexation with water, and the largest
histogram showing the-SOyqeer blue (dotted) line in Figure 5 contraction was found for thes€Hy (structures A and B) and
exhibits the broader (double) peak between 4.7 and 5.5 A. The C7—Hg (structure C) bonds. From Figure 2, it is evident that
first peak corresponds to the interaction of two waters with the these bonds are exposed to water.
oxygen of DMSO (analogous to the previous case) whereas the Summarizing the bond length changes, we found the largest
second peak gives evidence that the third water did not directly changes for the SO bond (with the exception of structure B),
hydrate the DMSO but interacted with two other waters. followed by decreases of both-G bond lengths by 1 order of
Extending the hydration shell to six waters, we obtained magnitude and changes of the-B bonds that are again smaller
basically the same picture.di, waters preferentially made the by 1 order of magnitude. Although the changes of tleCs
hydration shell around the polar=® group). A change in  and C-S bonds are similar for all structures, the-8 bond
the hydration picture occurred for DMSQH.0):6 and changes are different; some of these bonds are contracted, and
DMSO--+(H20)32 complexes, where waters interact directly not others are elongated.
only with the S=O group but also with both methyls. The Table 3 shows the absolute values of selected vibrational
histogram showing the distribution of-®aier distances for frequencies of DMSO as well as their changes upon hydration.
the last complex, shown by the green (solid) line in Figure 5, The relative values of €H, S=O, and G-H stretch vibrations
exhibits a symmetrical shape with a maximum at about 8 A, basically agree with the presented geometrical changes.=he S
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Figure 5. Histogram showing the population of-®yater distances for DMS©-(H;0),, n = 1, 3, 32.
TABLE 1: Bond Lengths (A) of Isolated DMSO? water, as an electron acceptor. The significant changes in ED
RI-MP2/TZVPP MP2/6-31G** are connected with the decrease in ED in Meantibonding
S—-0, 15005 15110 orbitals of both S-C bonds, which causes a strengthening of
S,—Cs 1.8031 1.8075 these bonds. A large increase of ED was detected in the O
Cs—H, 1.0881 1.0887 Hi2 o* antibonding orbital, which gives a weakening and
Cs—Hs 1.0881 1.0887 elongation of the water ©H bond and a concomitant red shift
Cs—He 1.0863 1.0869 of the O-H stretch frequencies. ED also increased in tseCs
$—C; 1.8038 1.8078 " . . . . . .
Cr—Hs 1.0881 1.0887 and G—Hy o antibonding orbitals, w_hwh is what gives
Cr—Ho 1.0863 1.0869 the elongation of these bonds. In this case, the standard
C;—Hio 1.0881 1.0887 S=0---H—0 H-bond is formed, SO as well as G-H bonds
2 See Figure 1. are elongated, and their stretch frequencies are red-shifted (cf.

Table 3). In dimer C, DMSO again acts as an electron donor

O and O-H stretch vibrations in structures A and C are red- (0.028e), and water, as an electron acceptor. The Iarggst changes
shifted. The changes of these vibrations in structure B are much©f ED are again connected with the ED decrease indhe
smaller. The RI-MP2 and the MP2 values agree well. Practically @ntibonding orbitals of the-SC bonds and the ED increase in
all C—H stretches are blue-shifted upon complexation, and againthe Qi—Hi3 o* antibonding orbital of water. Similarly, as in
both theoretical levels yield similar values. The largest shifts the previous case, the ED also increased in theOSo*
of the C-H stretch frequencies were found for structure B, antibonding orbital, which is what gives the elongation of this
where both methyl groups interact with water, but smaller shifts bond. Putting all of these effects together, we obtain a weakening
were also detected in two other structures where direct contactof the S=O and O-H bonds followed by their elongation and
between methyl groups and water is missing. red shifts of their stretch frequencies (cf. Table 3). This means

The results of the NBO analysis are in accord with the data that the standard=80---H—O H-bond is again formed. The
presented. Table 6 shows the most significant changes inNBO analysis does not support the contraction of theHC
electron density (ED) for different structures of DMS@H,0),. bonds, and in the case of dimer A, we obtained an ED increase
In dimer A, the DMSO acts as an electron donor (0.031e), and in the G—H, antibonding orbital, which results in the elongation

TABLE 2: Changes in Bond Lengths (A) of DMSO and Water upon Complexation and Interaction Energies AE, kcal/mol) for
DMSO---(H,0) Clusters®

dimer A dimer B dimer C
RI-MP2/TZVPP MP2/631G** RI-MP2/TZVPP MP2/6-31G** RI-MP2/TZVPP MP2/6-31G**
AE —9.27 —8.27 —3.56 —2.83 =7.77 —6.59
S,—0, 0.0138 0.0162 —0.0001 0.0015 0.0129 0.0149
S—Cs —0.0029 —0.0039 —0.0028 —0.0027 —0.0053 —0.0059
Cs—Hg4 —0.0002 —0.0007 —0.0002 —0.0000 —0.0004 —0.0004
Cs—Hs —0.0000 —0.0002 —0.0000 —-0.0014 —0.0001 —0.0002
Cs—He 0.0001 0.0001 0.0001 0.0003 —0.0001 —0.0002
S—C —0.0036 —0.0043 —0.0036 —0.0029 —0.0060 —0.0072
Cs—Hg —0.0001 —0.0006 —0.0001 —0.0000 0.0000 —0.0000
Cr—Hyg 0.0000 0.0000 0.0001 0.0003 0.0004 —0.0003
Cs—Hyo —0.0001 0.0000 —0.0001 —0.0015 —0.0001 0.0000
Hio—011 0.0181 0.0159 0.0007 0.0007 —0.0005 0.0002
Hiz—O0n1 —0.0005 —0.0000 0.0028 0.0017 0.0135 0.0113

aSee Figure 2.
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TABLE 3: Vibrational Frequencies and Their Changes in DMSO and DMSC-+(H,0), Complexes Evaluated at the (a)
RI-MP2/TZVPP and (b) MP2/6-31G** Levels?

isolated system dimer A dimer B dimer C trimer A trimer B tetramer
a b a b a b a b a b a b a b
antisym 3212 3261 1 3 6 9 3 8 8 16 6 12 12 19
antisym 3211 3260 1 3 4 8 2 4 8 12 5 8 11 18
C—H antisym 3202 3251 4 6 2 2 3 3 6 8 4 3 7 13
stretch  antisym 3199 3248 3 5 4 4 1 1 6 10 5 4 10 12
antisym 3085 3132 1 3 2 4 3 2 6 7 2 2 6 9
sym 3081 3131 0 1 2 4 -1 0 2 7 2 1 4 8
S=0 bond stretch 1091 1146 —-37 —36 2 1 -39 —43 —40 —40 =71 =71 =77 —148
water  antisym 3978 4030 —315 —253 —34 -—-18 —222 —159 —28 —23 —191 —-145 —-20 —22
O sym 3856 3892 —-49 —-61 -—-28 -—-18 —47 —58 —26 —-20 —45 —58 —-19 —-19
water  antisym 3978 4030 —237 —-181 —205 -—159 —205 -—164
O1a sym 3856 3892 —45 —60 —43 —56 —46  —59
water  antisym 3978 4030 —222 —179
O17 sym 3856 3892 —41 —60
a A positive number indicates a blue shift and a negative number, a red shift.

TABLE 4: Changes in Bond Lengths (A) of DMSO and energy is again larger than the MP2 energy. Analyzing the
\lzva};%r Ulp?n CDOMmSIi’)gxat:_?noan% llnteractlon Energies AE, geometrical changes in trimer structure A upon complexation,
cal/mol) for (H20), Clusters' we found that the SO and Qs—Hji bonds are elongated

trimer A trimer B similarly as in dimers A and C whereas the elongation of the

RI-MP2/TZVPP MP2/6-31G** RI-MP2/TZVPP MP2/6-31G** S=0 bond in trimer B is approximately twice as large. Also,
both O—-H bonds of two waters interacting with the=® bond

AE —10.43 -9.17 —14.56 —-13.13 _ na-
S-0, 0.0138 0,071 0.0256 0.0302 (_011_—H13 and Q4—H%5) are glongated, and this elongation is
S,—Cs —0.0083 —0.0089 —0.0094 —0.0103 similar to that occurring in dimers A and C. Both-§ bonds
Cs—Ha —0.0004 —0.0005 —0.0004 —0.0004 in both trimers are contracted, and surprisingly, these contrac-
Cs—Hs —0.0009 —0.0015 —0.0002 —0.0003 tions are larger for trimer B. The contraction of the S bonds
Cs—Hs  —0.0000 0.0000 0.0001  —0.0002 in trimers is much larger than in dimers and is comparable (in
Si—C; —0.0083 —0.0090 —0.0102 —0.0114 . S
Cr—Hs  —0.0000 ~0.0002 —0.0003 —0.0004 absolute value) to the elongation of the=@ bond. Investigating
C7—Hg 0.0004 —0.0001 0.0003 —0.0006 the geometrical changes of the—@& bonds, we found that
Cr—Hie  —0.0009 —0.0019 —0.0003 —0.0001 practically all C-H bonds in both trimer structures are
H1,—O11 0.0009 0.0012 —0.0006 0.0004 ContraCtEd, the RI-MP2 and MP2 values being I'OUgh'y com-
H13—O11 0.0024 0.0021 0.0124 0.0106 parable. The largest contraction was observed for theHz
HieOw  —0.00074 0.00019 001226 001117 a_nd_ G—I_—|10 b_onds, which are exposed_ dlrt_actly to water.@\
Hig—O1a 0.01437 0.01252  —0.00069 0.00019 similar situation was also discovered in dimer structure B, but

2See Figure 3 the contraction of these two bonds was considerably smaller.

9 ' Evidently, the cooperative effect of the second waten)@at

hydrates the SO group is responsible for magnifying the

of this bond. This unambiguously means that contractions in geometrical changes of all CH bonds.

C—H bond lengths and increases in-8 stretch frequencies

were not due to direct ED transfer but rather to some secondary Vibrational analysis (cf. Table 3), performed at the RI-MP2
effect. and MP2 levels, tells us that the shift of the=® stretch

In the case of dimer B, the ED transfer (EDT) (0.0047¢€) is vibrational frequency in trimer B, where both waters hydrate
about 1 order of magnitude smaller than in dimers A and C. the S=O group, is about twice as large and that it is a direct
All of the changes of ED are smaller than in previous complexes consequence of dihydration. In trimer A, where one water
and are thus not presented in Table 6. Evidently, the contractionhydrates the methyl groups and the second water interacts with
of C—H bonds and blue shifts of their stretching vibrations in the S=O group, the vibrational stretch frequency changes very
this dimer are due to other mechanisms (discussed later). little. Blue shifts of C-H stretch vibrational frequencies in trimer
DMSO-++(H,0),. Optimized structures of both trimers are A are larger than those in trimer B, which supports the role of

shown in Figure 3, and their characteristics are brought togetherdiréct hydration. However, the fact that the-8 stretch

in Table 4. It must be mentioned here that the investigated ViPrational frequency shifts in trimer B (where only one water
complexes do not correspond to the most stable structures of'S in contact with the methyl groups) are larger than those in
the DMSO-+(H,0), complexes, where a direct watewater aII'of the dimers supports a different origin of the-8 blue
contact should be present. From the performed MD simulations Shifts.

(see above), we know, however, that in the case of higher The NBO analysis performed for the DMS&H,0); trimer
hydrates of DMSO (16 and 32 water molecules) waters interacts (Structure A) shows that both mechanisms suggested for dimers
with the S=O group as well as with the methyl groups. The B and C took place. One water acts as a proton acceptor
trimer structures A and B thus represent only model interaction (—0.02477e) whereas the second one acts as a proton donor
types that occur if higher numbers of water molecules are (0.00716€). The largest change of ED (Table 6) corresponds to
present. Structure A, where waters hydrate theOSas well as an increase of ED in the {p-H1 o* antibonding orbital, leading

the methyl groups, is less stable than structure B where bothto a significant elongation of this bond (cf. Table 2) and a red
waters hydrates the=80 group. The RI-MP2 stabilization  shift of the respective stretch vibration (cf. Table 3). The
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TABLE 5: Changes in Bond Lengths (A) of DMSO and
Water upon Complexation and Interaction Energies AE,
kcal/mol) for DMSO --+(H,0); Clusters?

TABLE 6: Electron Density Transfer (EDT, [e]) and
Selected Differences (larger than 0.0015e) between Electron
Density (ED) Values in Complexes and Isolated Systems
Calculated at the B3LYP/6-31G** Level

tetramer
RI-MP2/TZVPP MP2/6-31G** DMSO-+(H-0)n n=1 n=2 n=3
AE T W structure A C A B

S1—0, —0.00170 —0.00163
S$1—0; 0.0278 0.0335 0% $1—0p 0.00411 0.00313 0.00653 0.00595 0.00990
S1—Cs —0.0117 —0.0126 0*S1—Cs  —0.01750 —0.01976 —0.02160 —0.03277 —0.03407
Cs—Hs —0.0011 —0.0018 o* Ca—Hs 0.00153 0.00197
Cs—He 0.0003 —0.0004 o* Ca—Hsg 0.00814  0.00660
S—C; —0.0125 —0.0135 0* $1—Cy —0.01780 —0.01616 —0.01678 —0.03329 —0.03500
Cr—Hg —0.0004 —0.0006 o* C7—Hs 0.00189 —0.00830
C7—Ho 0.0004 —0.0004 0* C7—Ho 0.00475 0.00378 0.00497 0.00415
C7—Huo —0.0012 —0.0022 o* C7—Hio 0.00256 0.00172
Hi—O 0.0008 0.0013
Hﬁ*Oﬁ 0.0019 0.0021 0*On—Hiz  0.04557
His—Ous —0.0006 0.0003 0: O11—Hiz 0.00149 0.03352 0.00418 0.03108 0.00247
Hye—Ors 00132 00117 0" O14=Has 0.03271 0.00720
Hyo—Ons 0.0130 00121 0* Or—His 0.03647 0.03389
Hi—Ou7 ~0.0009 0.0003 o7 Qi Hae 0.03527

o* 017-H19

aSee Figure 4.

the red shift of the SO stretch is close to saturation, and the

situation in trimer B is similar, and Table 6 shows strong most important increase was connected with the second water.
similarities with trimer A. Both water molecules in this complex However, blue shifts of the CH stretch frequency increased
act as electron acceptors. The largest changes of ED occur atlmost linearly with hydration number and are probably still
the waters’ OHy* antibonding orbitals, leading to the elongation far from the saturation point.
of these bonds and red shifts of their stretch vibrational The NBO analysis (Table 6) shows a large ED decrease in
frequencies. Both structures are characteristic, with the decreasehe o* antibonding orbitals of both SC bonds. This effect leads
of ED in the S-C ¢* antibonding orbitals leading to the bond  to a contraction of both-SC bonds. A significant ED decrease
contraction and the increase of ED in the=G antibonding is also evident in the* antibonding orbital of the &-Hg bond,
orbitals leading to an elongation of this bond. Evidently, two which should lead to bond contraction. The respective ED
standard $0O---H—0 H-bonds are formed. The contraction of change is significant{0.0083e). Other changes of ED in the
C—H bonds and the blue shifts of their stretch frequencies in remaining C-H antibonding orbitals are, however, positive and
both trimers are again not supported by any suitable changescannot be thus used for the interpretation of changes of
of ED (i.e., an increase of ED in the bonding orbitals or a respective GH stretch vibrational frequencies (cf. Table 3).
decrease of ED in the* antibonding orbitals) and can thus be  Therefore, an additional mechanism should be reconsidered.
explained only by the secondary effects or by electrostatic effects The large CT between DMSO and three water molecules also
(discussed later). causes, besides discussed changes in the ED of bonding and

DMSO--+(H,0)s. The largest cluster was investigated again antibonding orbitals, changes in the electronic state of DMSO.
at both theoretical levels; its optimized structure is depicted in This is mainly reflected by the changes of atomic ED resulting
Figure 4, and the stabilization energy and the geometrical in changes in hybridization. This is not an entirely new effect,
changes due to complexation are summarized in Table 5. Figureand we described it recentfywhen discussing the blue shift
4 illustrates that two waters hydrate the=Q group whereas  of the amino N-H stretch vibrational frequency of guanine upon
the third one is placed between both methyl groups. The the formation of the guanine dimer. It was shéwthat this

elongation of the SO bond in the tetramer is slightly larger

shift was due to a planarization of the guanine amino group

than that in trimer B, which demonstrates that the third water caused by a decrease of ED at the amino group nitrogen, which

(O1) also affects the hydration pattern at thre@ group, though

resulted in a change of nitrogen hybridization. The NBO analysis

to a smaller extent than the two previous waters. The same isperformed for the DMS®-(H,0); complex tells us that the s

roughly true regarding the contraction of botk-6 bonds. The
largest contraction among all-1 bonds was found (similar
to that of trimer A) for G—Hs and G—Hjp bonds, and in the

character of sphybrid orbitals for the @-Hs and G—Hobonds
of DMSO increases upon the formation of a complex (from
sp*82to sp74for C3—Hs and from sp89to sp7° for C;—H).

present tetramer, it is about 20% larger. The geometrical changesAn increase of s character results in the strengthening of a bond.
of S=O and S-C bonds are comparable (in absolute value) Because the former effect (i.e., increase of ED*irantibonding
and are about 1 order of magnitude larger than those of the orbitals) is not pronounced for these bonds, we can expect that
C—H bonds. they will become shorter upon complex formation. By inves-
Vibrational analysis (Table 3) shows that the third water tigating Tables 3 and 6, we found that this really happened.
placed between the two methyl groups enhanced the blue shifts We can conclude our discussion of the NBO analysis by
of all of the C—H stretch frequencies whereas the red shift of saying that there are two ways to decrease théi®ond length
the S=0O stretch frequency increased slightly. The average blue and obtain a blue shift of the stretch vibrational frequency. The
shift of the C—H stretch frequencies in dimers A, B, and C (2, first—a direct way-is connected with a decrease of ED in the
3, and 2 cmit, respectively) increases to 6 and 4¢rin trimers o* antibonding orbital, which yields bond contraction and a blue
A and B, respectively, and to 10 crhin the tetramer (RI-MP2 shift of this stretch frequency. The second way is connected
calculations). Following the RI-MP2 calculations, the red shift with the rehybridization of SpC—H hybrid orbitals. A change
of the S=0 stretch frequency increases from 39¢rim dimer of electronic state caused by CT within a complex brings an
Cto 71 cntlin trimer B to 77 cnt in the tetramer. Evidently, increase in the s character of the hybrid bond, which is
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manifested by bond contraction and a blue shift of theHC follows. The first few molecules hydrate the sulfo group, and
stretch frequency. at this stage, the elongation of the bond plays a decisive role in

Both mechanisms presented above are due to changes of EE®Xplaining the contraction (and blue shifts) of the i€ bonds.
in DMSO upon hydration. There also exist, however, other Within a few waters, the 5O group is, however, saturated,
mechanisms to explain the contraction of 8 bonds in DMSO  and other waters start to hydrate the methyl groups, and the
upon complex formation. The first is connected with the S=O bond length is changed only slightly (see Tables53
dominant geometry change occurring as a result of complex The further growth of the €H bond contraction and the blue
formation (i.e., the elongation of the=® bond). shift of the C-H stretch vibrations is realized mainly through
This effect will be now investigated in more detail; the changes of ED in the* antibonding orbitals and changes of

respective calculations were performed at the MP2/6-31G*+ hybridization of the €H hybrid bonds. An increasing elec-
level. First, we fully optimized the isolated DMSO. In the second {rostatic field of hydrating waters plays also an important role.
step, we again optimized the isolated DMSO but now with an _ Vibrational analysis performed at the RI-MP2/TZVPP level
elongated SO bond taken from the optimized DMS@H,0); o the largest cluster (DMS®(H0),) yields the following
complex, and this bond was kept frozen during the optimization. results on the average blue shift of the CH stretch vibrations
Comparing the bond lengths, we found that bothCSbonds and the red shift of the=8O stretch vibration: 10 and 77 crh
were contracted (by 0.0021 and 0.0024 A for the S; and ~ 1Ne respective experimental da@re 17 cm* for the C-H
S1—C; bonds, respectively) and also that four of the sixtC blue shift and 50 le for the S=.O red shift. Taking |nt0.
bond were contracted. The largest contraction was found for ccount the above cited mechanism of the DMSO hydration,
the G—H4 and G—Hs bonds (0.00022 A). It is thus evident W€ must expect a further increase of the theoreticaHblue
that the elongation of the=80 bond affects the geometrical ~ Shift upon increasing the hydration number. However, the
structure. The €H and the S-C contractions induced in the theoretical value of the=SO red shift is close to saturation. In
isolated DMSO by the elongation o&% bond are, however,  light of these extrapolations, the agreement between RI-MP2/
smaller than those in the DMS©O(H.O); complex, which TZVPP calculations (no scaling was used) and experiment
supports the fact that another effect participates. In the following Should be considered satisfactory.

discussion, the role of the electrostatic field of hydrating waters .

will be briefly investigated. V. Conclusions

DMSO was optimized in the electrostatic field generated by (1) MD simulations give evidence of the preferential hydra-
the point charges of three water molecules in the geometry takention sites of DMSO. First, waters hydrate the=Q group, and
from the DMSQ-+(H20); complex. The applied field leads to by adding more waters, the full hydration shell was formed
the elongation of the 80 bond by 0.0142 A and to the  where the SO as well as the methyl groups were hydrated.
contraction of the €-Hs and S-Cz bonds by 0.00025 and (2) The interaction of water molecules with the=6 group
0.01147 A, respectively. The changes of the first two coordinates jeads to the formation of a standard H-bond characteristic by
are about 3 and 7 times smaller than those in the complex, andthe elongation of the SO bond and the red shift of the
only the change of the last one agrees. In this case, thestretching vibration. The elongation of the=® bond triggered
optimization was performed with respect to the coordinates that the geometry changes in the DMSO subunit leading to a
were mentioned. In the second step, the whole geometry wascontraction of the €H bonds with the concomitant blue shifts
optimized, and the geometry changes that were found are muchof the respective stretch frequencies. The mechanism described
closer to these obtained by the quantum chemical optimization. js not unusual, and a very similar one was found in our recent
The only exception concerns the=® bond, which in the experimental and theoretical study on (§4®---HCFs.22 The
applied electrostatic field is contracted and not elongated. It is EDT from oxygen-induced geometry reorganization in the
thus evident that isolated electrostatic effects themselves cannof{CH;),0 subunit was followed by a contraction of the-8
explain the geometry (and vibration) changes of DMSO upon honds and concomitant blue shifts of the-B stretches.
hydration, and evidently, only the concerted action of all three Theoretical and experimental values of the blue shift agreed
effects (geometry changes induced by EDT, effects of EDT, quite well22 Besides the geometrical factor, the changes of ED
and electrostatic effects) can explain them. Not one of these within DMSO upon hydration also play a role. It concerns the
three effects by itself can interpret the experimental (and also direct decrease of ED in the* antibonding orbitals of &H
theoretical) finding of the €H blue shift increase upon  ponds as well as the rehybridization of §mnds leading (both)
progressive hydration. to a contraction of the respective-& bonds and a concomitant

DMSO—Continuous Solvent. COSMO calculations were  blue shift of the C-H stretch vibrational frequency. When water
performed at the DFT/6-31G** level. First, the isolated DMSO interacts directly with the methyl groups of DMSO, a contraction
was optimized at this level, and in the second step, the DMSO of the C-H bonds is mainly due to the electrostatic field of
in a continuous solvent was investigated. We found that only hydrating water molecules.

S—C bonds were contracted (by0.010 A) whereas all other (3) The red shift of the SO bond is saturated by the addition
bonds were elongated. Vibrational analysis revealed that theof only three waters; the largest increase of the shift is found
S=0 stretch was red-shifted by about 25 Tmand smaller when the second water is added. However, the blue shift of the
red shifts were observed for all-<GH stretches (%5 cnr?). C—H stretches increases linearly with the increased hydration
Thus, it is evident that the continuous solvent model cannot number.

correctly predict the changes of geometry and vibrational  (4) The linear enhancement of the blue shifts of theHC
stretching modes of DMSO upon hydration, which are clearly stretches upon progressive hydration that is found experimentally
very specific and directed. can be explained only if all of the effects (elongation of the

IV.3. Mechanism of the Hydration of DMSO and Com- S=0 bond, changes of ED in DMSO, and the electrostatic field
parison with the Experiment. Combining the results from  of waters) are considered simultaneously.
quantum chemical calculations and MD simulations, we can (5) The proposed mechanism of the-B blue shift is
interpret the experimental data on progressive hydration asidentical to that found in many other improper blue-shifting H
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bonds (amino N-H+:-O in the guanine dime® C—H:--O in
(CH3)2"'HCF3,22 C—H---in CHy---CgH6 and CCJ;H"‘CeHe,lO
C—H-++ in CClH+++CgHsF,12213C—H-++O in CRzH++-O(CH),,24
C—H-++0 in CXzH++*OH; (X = F, Cl, Br)2 X ++-HsCY (X =
Cl, I, Y = Br, I),)1%8 and N-H-:+F in NF;H+--FH3®). In the

J. Phys. Chem. A, Vol. 107, No. 7, 2008039

(13) Reimann, B.; Buchhold, K.; Vaupel, S.; Brutschy, B.; Hobza, P.;
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(17) Karger, A.; Amorim da Costa, A. M.; Ribeiro-Claro, P. J. A.

present system as well as in the above-mentioned complexesphys. Chem. A999 103 8672.

the changes of ED were smaller than in standard H-bonded
systems and did not occur in the adjacent parts of interacting
molecules but in their remore parts. Worth mentioning is the
fact that theoretical findings (in the present papers as well as in

mentioned studié$!316.223pwere consistent with experimental

(18) Caminati, W.; Melandri, S.; Moreschini, P.; Favero, P ABgew.
Chem., Int. Ed1999 38, 2924.

(19) Mizuno, K.; Imafuji, S.; Ochi, T.; Ohta, T.; Maeda, $. Phys.
Chem. B200Q 104, 11001.

(20) Masunov, A.; Dannenberg, J. J.; Contreras, RJ.H?hys. Chem.
A 2001, 105 4737.

results. Furthermore, the mechanism suggested in the present (21) Hartmann, M.; Wetmore, S. D.; Radom,J.Phys. Chem. 2001,

study is in our opinion more justified than the “pushball”

hydration model suggested in ref 5. A simple argument against
the main feature of the “pushball” model (the electrons of the

105, 4470.

(22) Van der Vaken, B. J.; Herrebout, W. A.; Szostak, R.; Shchepkin,
N.; Havlas, Z.; Hobza, Rl. Am. Chem. So001, 123 12290.

(23) Zierkiewicz, W.; Michalska, D.; Havlas, Z.; Hobza, €hem-

C—H hydrogen are pushed toward the carbon atom because ofPhysChen2002 3, 511.

a dispersion interaction with the electrons of water oxygen; cf. 308
is based on the fact that reliable theoretical data on the >

ref 5)

presented complexes were obtained not only at the RI-MP2 and;,5

MP2 levels but also at the Hartre€ock level, which com-
pletely neglects the dispersion interaction.
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