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6 ABSTRACT: We study the vibrational relaxation dynamics and the
7 reorientation dynamics of HDO molecules in binary water−dimethyl sulfoxide
8 (DMSO) and water−acetone mixtures with polarization-resolved femtosecond
9 mid-infrared spectroscopy. For low solute concentrations we observe a slowing
10 down of the reorientation of part of the water molecules that hydrate the
11 hydrophobic methyl groups of DMSO and acetone. For water−DMSO
12 mixtures the fraction of slowed-down water molecules rises much steeper with
13 solute concentration than for water−acetone mixtures, showing that acetone
14 molecules show significant aggregation already at low concentrations. At high
15 solute concentrations, the vibrational and reorientation dynamics of both water−DMSO and water−acetone mixtures show a
16 clear distinction between the dynamics of water molecules donating hydrogen bonds to other water molecules and the dynamics
17 of water donating a hydrogen bond to the SO/CO group of the solute. For water−DMSO mixtures both types of water
18 molecules show a very slow reorientation. The water molecules forming hydrogen bonds to the SO group reorient with a time
19 constant that decreases from 46 ± 14 ps at XDMSO = 0.33 to 13 ± 2 ps at XDMSO = 0.95. The water molecules forming hydrogen
20 bonds to the CO group of acetone show a much faster reorientation with a time constant that decreases from 6.1 ± 0.2 ps at
21 Xacet = 0.3 to 2.96 ± 0.05 ps at Xacet = 0.9. The large difference in reorientation time constant of the solute-bound water for
22 DMSO and acetone can be explained from the fact that the hydrogen bond between water and the SO group of DMSO is
23 much stronger than the hydrogen bond between water and the CO group of acetone. We attribute the strongly different
24 behavior of water in DMSO-rich and acetone-rich mixtures to their difference in molecular shape.

1. INTRODUCTION

25 Both acetone and DMSO molecules are polar, amphiphilic
26 molecules possessing hydrophobic groups in the form of two
27 methyl groups. Despite their apparent similarity in terms of
28 their molecular formula, acetone and DMSO show large
29 differences in many of their physical properties such as the
30 dipole moment (μ(DMSO) = 3.96 D, μ(acetone) = 2.9 D), the
31 dielectric constant (ϵ(DMSO) = 48, ϵ(acetone) = 21),1 and the
32 phase transition temperatures (Tmelt(acetone) = −94.5 °C,
33 Tmelt(DMSO) = 18.5 °C, Tboil(acetone) = 56 °C, Tboil(DMSO)
34 = 191.6 °C).2 These differences likely find their origin in the
35 different structures of DMSO and acetone. The geometry of
36 DMSO differs from that of acetone due to the presence of a
37 lone electron pair on the sulfur atom of DMSO, causing the
38 molecule to adapt a trigonal-bipyramidal shape, which implies
39 that the SO group is tilted out of the C−S−C plane. For
40 acetone the CO group is in the C−C−C plane, making the
41 molecule essentially planar.
42 Aqueous solutions of both compounds have long been
43 known to show highly nonideal behavior, exhibiting a strongly
44 nonlinear behavior with sample composition in various
45 physicochemical properties such as the enthalpy of mixing,3,4

46 the viscosity,5,6 the dielectric relaxation times,7,8 and the self-
47 diffusion coefficients.9,10 For example, a water−dimethyl
48 sulfoxide (DMSO) mixture with a molar fraction XDMSO =
49 0.33 (Xwat = 0.67) has a freezing point of −70 °C,11 whereas

50pure water and DMSO have freezing points of 0 and 17 °C.
51This latter property, together with DMSO’s ability to permeate
52the cell wall,12 has led to its widespread use as a cryoprotective
53agent in many cell-biological and medical applications.11,13−16

54At the same time, the ability to penetrate the cell wall has also
55been linked to the neurotoxic effects of DMSO.17

56The deviation from nonideal behavior indicates that the
57aqueous mixtures of both compounds are strongly affected by
58hydrogen-bonding interactions with water molecules. Especially
59for DMSO−water mixtures, evidence for strong associative
60interactions has been found, and the nonideal behavior has
61been explained from the formation of stable DMSO−water
62complexes with a well-defined stoichiometry of 1:1 or 1:2.18−20

63The exact structure of such complexes is still a matter of debate.
64Using molecular dynamics simulations, Borin and Skaf18

65observed the prevalence of 1:2 DMSO−water complexes with
66both water molecules donating a hydrogen bond to the SO
67group over a large composition range; only at low water
68content a stronger tendency for water molecules to bridge two
69DMSO molecules via hydrogen bonds was found. Neutron
70diffraction studies of water−DMSO mixtures21 and simulation
71work based on molecular dynamics19,20 came to similar
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72 conclusions. In contrast, electronic structure calculations by
73 Reiher and co-workers22 showed that the most stable
74 configuration of 1:2 DMSO−water complexes is formed by a
75 configuration in which the oxygen atom of the SO group acts
76 as a hydrogen-bond acceptor for only one water molecule, with
77 the second water molecule binding preferentially to this water
78 molecule. In recent work employing two-dimensional infrared
79 and optical Kerr effect spectroscopy, Wong et al. showed that
80 the spectral diffusion dynamics and reorientation of water
81 molecules are significantly affected by the presence of DMSO,
82 and it was suggested that the observed dynamics are linked to
83 the collective reorientation of solute−solvent complexes.23

84 Molecular dynamics simulations and far-infrared absorption
85 experiments have provided evidence that water−acetone
86 mixtures possess a less associative character than water−
87 DMSO mixtures and instead tend to segregate into solute and
88 solvent clusters.24,25 A comparative neutron scattering and
89 molecular dynamics simulation study of aqueous DMSO and
90 acetone solutions26 came to similar conclusions, and the
91 differences between binary aqueous DMSO and acetone
92 solutions were explained from differences in the strength of
93 the hydrogen bonds formed between water and the solute
94 molecules. However, other studies found evidence for the
95 presence of an essentially random distribution of water
96 molecules in acetone.27,28

97 Here, we report on a femtosecond infrared study of the
98 hydrogen-bond dynamics in the binary mixtures of water−
99 acetone and water−DMSO over a wide composition range. We
100 study the isotropic and anisotropic vibrational dynamics of
101 water molecules in these mixtures with molar fractions of water
102 Xwat ranging from 0.05 to 1, thereby covering both the situation
103 where acetone and DMSO act as a solute in a dilute aqueous
104 solution (high Xwat), and the regime of low Xwat, where acetone
105 and DMSO act as a solvent and water molecules take the role
106 of the solute.

2. EXPERIMENT

107 We measure the vibrational relaxation dynamics of the OD
108 stretch vibration of HDO molecules in binary water−acetone

109and water−DMSO mixtures with molar fractions of solute in
110the range Xsol = 0−0.95. The femtosecond pulses required for
111this study are generated by a series of nonlinear frequency
112conversion processes that are pumped with the pulses of a
113commercial Ti:sapphire regenerative amplifier (Spectra-Physics
114Hurricane). The amplifier system delivers 100 fs pulses
115centered around 800 nm with a pulse energy of 0.8 mJ.
116About 500 μJ of the amplifier output is split off to pump a
117white-light seeded optical parametric amplifier (OPA, Spectra-
118Physics) based on β-barium borate (BBO), generating signal
119and idler pulses with a wavelength around 1333 and 2000 nm,
120respectively. The idler pulses are frequency-doubled in a second
121BBO crystal, and the resulting pulses are used as a seed for
122parametric amplification in a lithium niobate (LiNbO3) crystal
123pumped by the remaining 300 μJ of 800 nm pulses, leading to
124the generation of mid-infrared pulses with a wavelength of 3.8−
1254 μm (2500−2600 cm−1) and a duration of 180 fs. The mid-
126infrared pulses have a pulse energy of 7−9 μJ and a spectral
127width of approximately 115 cm−1.
128The generated mid-infrared pulses are used in a pump−
129probe experiment. We generate probe and reference beams by
130splitting off small portions of the generated mid-infrared pulse
131with a wedged CaF2 window. The transmitted light is used as
132the pump beam. The pump, probe, and reference are focused
133into the sample by a gold-coated off-axis parabolic mirror (focal
134length f = 100 mm) and recollimated by an identical mirror.
135The pump and probe foci are spatially overlapped in the
136sample. In the experiment we measure the pump-induced
137transient absorption changes as a function of delay between the
138pump and the probe pulse. The time delay of the probe is
139varied with a motorized delay stage. The reference is used for a
140pulse-to-pulse correction of the intensity fluctuations of the
141probe beam. The transmitted probe and reference beams are
142frequency-dispersed with a monochromator (Lot Oriel
143MSH302), and detected with the two lines of a 2 × 32
144mercury−cadmium−telluride (MCT, Infrared associates) array.
145The pump beam is chopped at a frequency of 500 Hz to detect
146the pump-induced absorption changes. A variable λ/2 plate is
147used to set the polarization of the pump beam at 45° relative to
148that of the probe light. Behind the sample cell, a rotatable wire-

Figure 1. Linear absorption spectra of the OD-stretch region of solutions of (A) DMSO and (B) acetone in 8% HDO:H2O for various sample
compositions. The spectra in panels A and B have been corrected for the solvent background by subtracting the absorption spectrum of either neat
H2O or a solution of H2O in DMSO or acetone. The latter procedure has been applied to samples with Xsol ≥ 0.2 in order to properly subtract
resonances around 2575−2650 cm−1 that arise from either acetone or DMSO molecules and the exact resonance frequency of which is sensitive to
sample composition and hence to Xsol.
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149 grid polarizer is placed to select the polarization component of
150 the probe beam parallel or perpendicular to the pump beam.
151 From the parallel (Δα∥) and perpendicular (Δα∥) components
152 of the transient absorption changes, we construct the isotropic
153 signal

α α αΔ = Δ + Δ ⊥1/3( 2 )iso154 (1)
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157 The isotropic signal represents the dynamics of the vibrational
158 relaxation and is unaffected by reorientation. The anisotropy
159 parameter R(ω,t) is proportional to the second-order orienta-
160 tional correlation function of the transition dipole moment of
161 the OD-stretch vibration Cμμ = ⟨P2(μ⃗(0)·μ⃗(t)⟩, where P2
162 denotes the second Legendre polynomial, and thus allows to
163 monitor the reorientation dynamics of the HDO molecules.
164 The samples consisted of aqueous (8% HDO:H2O) mixtures
165 of acetone or DMSO and were held between two CaF2

166windows separated by Teflon spacers with thicknesses ranging
167from 50 to 500 μm. Acetone (≥99% purity, HPLC grade) and
168DMSO (water-free, 99.9% purity) were obtained from Sigma-
169Aldrich and were used without further purification.

3. RESULTS AND DISCUSSION

170 f13.1. Linear Infrared Spectra. In Figure 1 we show FTIR
171spectra of the OD-stretch region of solutions of either acetone
172or DMSO in 8% HDO:H2O over the whole concentration
173range studied, i.e., for molar fractions of solute Xsol ranging
174from 0 to 0.9. For both solutes, the width of the OD-stretch
175absorption band is independent of solute concentration for Xsol
176≤ 0.2 and has approximately the same value (fwhm ≈ 155
177cm−1) as for neat HDO:H2O. This observation indicates that
178the dissolution of modest quantities of acetone or DMSO does
179not lead to a severe disruption of the hydrogen-bond network
180of water. Increasing the molar fraction of the solute causes a
181pronounced blue-shift of the OD-stretch absorption band,
182which is generally attributed to a weakening of the hydrogen-
183bond strength of water. The blue-shift is accompanied by a
184reduction in line width down to approximately 85 and 95 cm−1

Figure 2. Isotropic transient spectra of (A) water−DMSO solutions with Xsol = 0.06 and (B) water−acetone solutions with Xsol = 0.05. Open circles
are data points, and solid lines are a fit to the model outlined in the text. Panels C and D show the vibrational lifetimes of the OD-stretch vibration
(T1 times) that have been extracted from the fit of the model outlined in the text to the experimental data sets obtained from water−DMSO and
water−acetone mixtures, respectively. The solid lines in panels C and D are a guide to the eye.
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185 full width at half-maximum at Xsol = 0.9 for water−DMSO and
186 water−acetone, respectively, suggesting that the distribution of
187 hydrogen-bond strengths in the mixtures becomes substantially
188 less inhomogeneous with increasing solute fraction. For HDO
189 molecules in water−acetone, the OD-stretch absorption band
190 becomes increasingly asymmetric with increasing acetone
191 content, whereas for water−DMSO solutions the band retains
192 a Gaussian shape at all compositions.
193 3.2. Nonlinear Infrared Spectra and Vibrational

f2 194 Relaxation Dynamics. Figure 2 shows transient absorption
195 spectra of the OD-stretch vibration of HDO molecules in
196 aqueous DMSO (Xsol = 0.06) and acetone (Xsol = 0.05)
197 solutions for delay times ranging from 0.5 to 20 ps. The linear
198 spectra of these solutions are quite similar to the linear
199 spectrum of pure HDO:H2O. The transient spectra show a
200 negative response that peaks around 2500−2510 cm−1,
201 originating from the bleaching of the ground state (ν = 0)
202 and stimulated emission from the first excited state (ν = 1) of
203 the oscillator. The positive feature in the transient spectrum
204 observed on the red side of the spectra originates from excited
205 state absorption (ν = 1 → 2). The spectra at late delay times
206 have the shape of a temperature-difference spectrum and result

207from the thermalization of the vibrational excitation and the
208energy redistribution over low-frequency degrees of freedom.
209We find that the data can be well described by a model in which
210the excited state of the OD-stretch vibration relaxes via an
211intermediate state to the heated ground state. The intermediate
212state is included in this model to account for the delayed rise of
213the thermal signal with respect to the decay of excited state of
214the OD-stretch vibration. We assume that the intermediate
215state has the same absorption spectrum as the ground state,
216meaning that its associated (differential) transient absorption
217spectrum equals zero at all frequencies. Relaxation from the
218intermediate state to the ground state likely represents the
219adaptation of the hydrogen-bonding network to the dissipation
220of the energy of the vibrational excitation. This model has been
221successful in describing the vibrational relaxation dynamics of
222the OD-stretch band in neat HDO:H2O

29,30 and has also been
223successfully applied to describe the relaxation of the same mode
224in aqueous solutions of small amphiphilic solutes.31

225The results of the fits are shown in Figure 2c,d. This figure
226shows the vibrational relaxation time (T1) of the OD-stretch
227vibration of HDO molecules in water−acetone and water−
228DMSO mixtures as a function of Xsol. We observe that with

Figure 3. Isotropic transient spectra of (A) water−DMSO solutions with Xsol = 0.9 and (B) water−acetone solutions with Xsol = 0.9. The open
circles represent the data points, and the solid lines are a fit to the model described in the text.

Figure 4. Fit results obtained from the isotropic transient absorption data of water−acetone and water−DMSO solutions with Xsol = 0.3−0.95. (A)
Integrated spectral amplitude of the bleaching signal of the two components used in the fit of the isotropic transient absorption changes Δαiso(ω,t).
(B) Vibrational relaxation times obtained from the fit. Solid lines are a guide to the eye.
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229 increasing concentration of either solute the vibrational lifetime
230 increases from 1.65 ps (Xsol = 0) to 2.66 ps at Xsol = 0.22
231 (water−DMSO) and to 2.55 ps at Xsol = 0.2 (water−acetone),
232 respectively. The gradual increase in T1 with increasing
233 concentration of solute agrees with the results of previous
234 studies of aqueous solutions of other amphiphilic molecules of
235 comparable size, such as tetramethylurea, proline, and N-
236 methylacetamide.32 The vibrational lifetimes of Figure 2d also
237 agree well with the lifetimes recently reported by Wong et al.23

f3 238 In Figure 3 we show isotropic transient absorption changes
239 of the OD-stretch vibration of HDO molecules with DMSO
240 and acetone in large excess (Xsol = 0.9). The maximum of the
241 bleaching signal is clearly shifted to higher frequencies, when
242 compared to the transient spectra in Figure 2. The shifts in the
243 transient spectra of 100 cm−1 in the case of water−acetone
244 (Figure 3a) and 50 cm−1 in the case of water−DMSO (Figure
245 3b) are consistent with the blue-shifts of the OD-stretch
246 absorption band in the linear spectra shown in Figure 1a,b. The
247 transient spectra in Figure 3 show a pronounced slowing down
248 of the vibrational relaxation of the OD-stretch vibration
249 compared to Figure 2a,b. The transient spectra Figure 3 also
250 show a blue-shift with increasing delay time, suggesting the

251presence of subensembles of HDO molecules exhibiting
252different vibrational lifetimes. In order to account for the
253presence of different water species, we fit the data of Figure 3a,b
254with a model that includes two excited states that relax to a
255common, heated ground state. We employ this model in the
256analysis of all water−acetone and water−DMSO data sets with
257Xsol > 0.2. The initial populations of the two excited states are
258allowed to vary in the minimization routine, while the spectral
259amplitudes are constrained to be equal. This description
260provides an excellent description of the transient spectral data
261at all delay times, which shows that the inhomogeneity of the
262absorption band persists within the experimental time window
263of ∼10 ps. Hence, there is no rapid exchange between the water
264species that are associated with the two excited states.
265 f4In Figure 4a,b the initial populations and vibrational lifetimes
266of the two excited states are plotted as a function of Xsol for
267water−acetone and water−DMSO solutions. The increase of
268the relative amplitude of the high-frequency bands with
269increasing solute content, as seen in Figure 4a, strongly
270suggests that the high-frequency bands represent HDO
271molecules forming hydrogen bonds to the solute. Indeed in
272previous neutron scattering and molecular dynamics simulation

Figure 5. Anisotropy decay of the OD-stretch vibration of HDO molecules in (A) water−DMSO and (B) water−acetone mixtures. The data
represent an average over 40 cm−1 around the center frequency of the bleach. Open circles represent experimental data points that have been
corrected for the time-dependent rise of the thermal end level; solid lines are fits to a function of the form R(t) = R1 exp(−t/τor) + R0. The
reorientation time constants τor obtained from the fits of the data in panels A and B are plotted in panels C and D, respectively. The solid lines in
panels C and D are a guide to the eye.

http://dx.doi.org/10.1021/jp512703w


273 studies a strong tendency for water molecules to bind to the
274 SO groups of DMSO was found.18,21 Likewise, we assign the
275 high-frequency band of OD oscillators in water−acetone
276 mixtures to water molecules forming hydrogen bonds to the
277 CO groups. For both water−DMSO and water−acetone the
278 vibrational relaxation time constant of the lower frequency
279 band varies in the range 1.5−2 ps (Figure 4b) and is thus
280 comparable to the relaxation rate of the OD-stretch vibration of
281 neat HDO:H2O. We therefore assign this band to HDO
282 molecules having their OD groups hydrogen bonded to the
283 oxygen atom of other water molecules. The relaxation time
284 constants associated with the high-frequency bands are
285 significantly longer and increase monotonically from approx-
286 imately 4 ps around Xsol = 0.3 to 7.9 ps at Xsol = 0.95 for water−
287 DMSO solutions and to 13 ps at Xsol = 0.9 for water−acetone
288 solutions. The relatively high frequency and slow relaxation
289 dynamics of these bands indicate that the hydrogen bonds
290 between water and the solute are relatively weak. The more
291 pronounced slowing down of the vibrational relaxation together
292 with the stronger blue-shift of CO bound waters compared
293 to SO bound waters in Figures 1 and 3 indicate that water
294 molecules hydrating the CO groups of acetone form much
295 weaker hydrogen bonds than water molecules hydrating the
296 SO group of DMSO. This observation is in agreement with
297 the results obtained from calorimetric studies, where an excess
298 enthalpy of mixing of about −2.5 kJ/mol for water−DMSO
299 solutions at XDMSO = 0.33 was reported.3 Water−acetone
300 mixtures were found to exhibit a maximum negative excess
301 enthalpy of mixing of only −0.67 kJ/mol at Xacet = 0.15.33

302 The relative amplitude of the high-frequency band is
303 consistently lower for water−acetone than for water−DMSO
304 solutions. For water−acetone solutions, the amplitude of the
305 low-frequency band, representing HDO molecules bound to
306 other water molecules, is quite large even at Xsol = 0.9 (Xwat =
307 0.1). For the water−DMSO solution this amplitude strongly
308 decreases with increasing solute concentration and is only 0.1 at
309 Xsol = 0.9. This finding agrees with the linear absorption spectra
310 in Figure 1, where it is seen that the OD-stretch band of water−
311 acetone has a noticeably asymmetric line shape at Xsol = 0.9,
312 exhibiting a shoulder on the low-frequency side around ∼2550
313 cm−1, while the OD-stretch vibration in water−DMSO shows a
314 nearly symmetric, Gaussian line shape.
315 The large differences between the amplitudes of the spectral
316 bands of the water−acetone and water−DMSO solutions in the
317 range of Xsol = 0.3−0.95 can be explained from the different
318 mesoscopic structures of the solutions. Our results suggest that
319 in water−acetone solutions water clusters already form at low
320 Xwat, leading to a higher fraction of water molecules hydrogen
321 bonded to other water molecules and a correspondingly lower
322 fraction of water molecules that are hydrogen bonded to CO.
323 For water−DMSO solutions, the amplitudes of the water-
324 bound and SO bound water molecules show a concentration
325 dependence that is to be expected in the case of homogeneous
326 mixing, meaning that this system will be far less (microscopi-
327 cally) segregated.
328 For both water−DMSO and for water−acetone we find that
329 the vibrational relaxation of the OD stretch vibration strongly
330 slows down with increasing solute fraction Xsol. This slowing
331 down of the vibrational relaxation can partly be explained from
332 the increased fraction of water molecules that are hydrogen
333 bonded to the SO and CO groups. These hydrogen bonds
334 are weaker than the ones between water molecules, which
335 implies that the anharmonic coupling between the OD stretch

336vibration and the hydrogen bond will be weaker. In addition,
337with increasing solute fraction it becomes more likely that both
338hydroxyl groups of these water molecules are bonded to SO
339or CO groups, and it becomes less likely that these water
340molecules accept hydrogen bonds from other water molecules.
341Molecular dynamics simulations of water−acetone mixtures24

342and water−DMSO mixtures18,19 showed that the number of
343accepted hydrogen bonds per water molecule decreases with
344increasing solute fraction. The reduced probability of water−
345water hydrogen bonds is expected to lead to a decrease in the
346density of accepting modes of the excited hydroxyl stretch
347vibration, thus causing a decrease in the relaxation rate of water
348molecules that are hydrogen bonded to CO or SO groups,
349as seen in Figure 4b. This scenario is similar to the one recently
350proposed by Wong et al. in their study on the vibrational
351dynamics of water−DMSO solutions.23

3523.3. Water Reorientation Dynamics at Low Solute
353 f5Fractions. In Figure 5a,b the anisotropy decay of the OD-
354stretch vibration of HDO molecules is presented for the
355composition range Xsol = 0.0−0.2. The data have been
356corrected for the rise of the thermal end level, where we
357assumed the final heated state to be isotropic. The addition of
358DMSO or acetone leads to the appearance of a slow
359component in the decay of the anisotropy, which shows very
360little decay on a time scale of 8 ps. The amplitude of this
361component scales with the concentration of solute. This slow
362component is reminiscent of the slow reorientation component
363that has been observed in the anisotropy decay of water
364molecules in the vicinity of hydrophobic groups.31,32 Therefore,
365we assign the slow component of Figure 5a,b to water
366molecules hydrating the hydrophobic methyl groups of DMSO
367and acetone. The anisotropy curves can be well described by a
368function of the form R(t) = R1 exp(−t/τor) + R0. In Figure 5c,d
369we plot the reorientation time constants that we obtain by
370fitting this function to the data in Figure 5a,b. For both DMSO
371and acetone, the values of τor are very similar to the
372reorientation time constant of 2−2.5 ps of the OD-stretch
373vibration in neat HDO:H2O.

29,30 This finding indicates that the
374reorientation dynamics are bimodal: a fraction of the water
375molecules are strongly slowed down in their reorientation by
376the presence of the solute, whereas the other water molecules
377are essentially unaffected and exhibit reorientation dynamics
378comparable to that of water molecules in neat liquid water.
379 f6In Figure 6, we plot the ratio of the amplitude of the slow
380water fraction and the total amplitude of the anisotropy, R0/(R0
381+ R1), as a function of Xsol. These amplitudes have been
382obtained from fitting the anisotropy curves in Figure 5. We find
383that the amplitude of the slow water fraction of aqueous DMSO
384solutions is consistently larger than the amplitude of the slow
385water fraction in aqueous acetone solutions of the same Xsol.
386This result is surprising, since both solute molecules possess
387two hydrophobic methyl groups. In a previous femtosecond
388infrared study, in which the orientational dynamics of water
389around amphiphilic molecules with different numbers of
390hydrophobic groups over a similar concentration range as in
391Figure 6 was studied, the fraction of slowed down water
392molecules was found to scale linearly with the number of solute
393methyl groups.31 The data in Figure 6 suggest that in aqueous
394acetone solutions fewer water molecules are exposed to the
395hydrophobic methyl groups than in DMSO solutions. This
396result indicates that acetone molecules tend to aggregate
397already at low solute concentrations, thereby reducing the
398number of methyl groups interacting with water. This
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399 interpretation agrees well with results from neutron scattering
400 studies of an acetone−water mixture with Xacet = 0.0526 and
401 with results from molecular dynamics simulations.25

402 3.4. Water Reorientation Dynamics at High Solute
f7 403 Fractions. In Figure 7, we plot the decay of the anisotropy of

404 the OD-stretch vibration of HDO molecules in aqueous DMSO
405 and acetone solutions for a broad composition range 0.1 ≤ Xsol
406 ≤ 0.9. The data have been obtained by averaging over a spectral
407 range of 70−100 cm−1 of the bleaching signal of the parallel
408 and perpendicular transient absorption spectra. For DMSO we
409 observe the slowest anisotropy decay in the range of XDMSO =
410 0.33−0.5. This finding agrees with the results of several
411 previous studies that suggested that water and DMSO
412 molecules can form very stable clusters in this composition
413 range. It thus appears likely that the maximum slowdown of
414 water molecules at XDMSO = 0.33−0.5 finds its origin in the
415 formation of stable 1:2 DMSO−water clusters. A further

416increase of the DMSO concentration is observed to result in a
417moderate acceleration of the anisotropy decay. It is also seen
418that the anisotropy decay becomes more single exponential, i.e.,
419less bimodal. It followed from the isotropic data (Figure 4a)
420that for large XDMSO values the signals are dominated by the
421response of HDO molecules bound to the SO groups of
422DMSO. Hence, in the range of XDMSO = 0.33−0.8, the
423anisotropy curves of Figure 7a represent a gradual transition
424from the regime of hydrophobic hydration to a regime where
425the hydrogen-bonding interaction with the SO moiety of
426DMSO starts to determine the anisotropy dynamics. The solute
427fraction at which we observe the maximum slowdown of water
428molecules in water−DMSO solutions (XDMSO = 0.33) matches
429very well with the composition at which theoretical and
430experimental self-diffusion coefficients show a minimum9,18 and
431the composition at which the viscosities5 and the dielectric
432relaxation times7 show a maximum. The observation of a
433maximum slowing down in dynamics at a particular
434composition agrees with the results obtained for the spectral
435diffusion and reorientation dynamics of water molecules in
436water−DMSO mixtures reported by Wong et al.23

437For water−acetone mixtures (Figure 7b) the anisotropy
438decay is observed to slow down with increasing solute
439concentration in the range of Xacet = 0−0.4 but becomes faster
440again for higher Xacet. For Xacet = 0.9 the anisotropy decay is
441even similar to the anisotropy decay of pure water (Xacet = 0).
442The composition of water−acetone mixtures, at which we find
443the slowest anisotropy decays of water molecules in Figure 7b
444(Xacet = 0.4), is somewhat different from the composition at
445which the self-diffusion coefficient of water molecules has a
446minimum, which occurs around Xacet = 0.2 as determined by
447NMR spin echo experiments.10,34

448Since the anisotropy decays are obtained from an average
449over the bleaching signal, they represent the response of all
450types of water molecules in the sample, i.e., water molecules
451forming hydrogen bonds to other water molecules and water
452molecules forming hydrogen bonds to the SO groups of
453DMSO and the CO groups of acetone. As these different
454types of water molecules show different spectral responses, we

Figure 6. Normalized amplitude of the slow water fractions obtained
from the anisotropy decays of Figure 5a,b as a function of Xsol for
binary mixtures of water and DMSO (red open circles) as well as water
and acetone (blue open circles). Solid lines are a guide to the eye.

Figure 7. (A) Normalized anisotropy decay of the OD-stretch vibration of HDO molecules in aqueous DMSO solutions or Xsol = 0.08−0.95. The
data have been averaged over a range of ∼70−90 cm−1 of the bleaching signal of the transient absorption spectra. (B) Normalized anisotropy decay
of the OD-stretch vibration of HDO molecules in aqueous acetone solutions for Xacet = 0−0.9. The data have been averaged over a range of ∼100
cm−1 of the bleaching signal of the transient absorption spectra. The solid lines are serve as a guide to the eye.
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455 can disentangle their contributions to the anisotropy dynamics.
456 We use the spectral bands that we obtained from fitting the
457 isotropic transient absorption changes Δαiso(ω,t) of water−
458 DMSO and water−acetone mixtures with Xsol ≥ 0.3, to perform
459 a decomposition of the polarization-resolved data sets Δα∥(ω,t)
460 and Δα⊥(ω,t). The resulting amplitudes of the two spectral
461 bands in Δα∥(ω,t) and Δα⊥(ω,t) at different time delays are
462 used to construct the anisotropy dynamics of the two bands. A
463 detailed outline of the procedure and exemplary spectral bands
464 for water-bound and SO/CO-bound HDO molecules are
465 given in the Appendix.
466 For water−DMSO mixtures, the spectral response of the
467 low-frequency band becomes quite small at high DMSO mole
468 fractions, as seen in Figure 4a, which makes the determination
469 of the anisotropy of the low-frequency band very noisy. For
470 XDMSO ≥ 0.9 the transient absorption is dominated by the high-
471 frequency band, and its anisotropy can still be well determined.

f8 472 In Figure 8 we present the anisotropy decay of the low-

473frequency water-bound band up to XDMSO = 0.84 and the
474anisotropy decay of the high-frequency band up to XDMSO =
4750.95. The anisotropy RWW(t) of the low-frequency water-bound
476band (Figure 8a) is more or less constant, which means that the
477water-bound water molecules in water−DMSO mixtures show
478very little reorientation in the measured delay time interval. An
479analysis of the dynamics for delay times longer than 4 ps is
480obstructed by the comparably short vibrational lifetime of this
481type of water molecules (T1 ≈ 2 ps) and its relatively small
482amplitude (Figure 4a). The anisotropy RWD(t) of the high-
483frequency SO group bound water molecules (Figure 8b)
484shows a slow exponential decay that becomes somewhat faster
485with increasing XDMSO. The time constants of the reorientation
486are shown in Figure 10. The time constant decreases from 46 ±
48714 ps at XDMSO = 0.33 to 13 ± 2 ps at XDMSO = 0.95.
488The results of the decomposition analysis for the water−
489 f9acetone mixtures are shown in Figure 9. In this figure we
490present the anisotropy decays RWW(t) of water-bound HDO

Figure 8. Anisotropy decays of water−DMSO solutions associated with the low- and high-frequency bands of which the amplitudes and T1 time
constants are shown in Figure 4. Panel A shows the decay of the anisotropy of the OD group of HDO molecules with their OD group hydrogen
bonded to other water molecules for XDMSO = 0.33−0.84, and panel B shows the decay for HDO molecules having their OD groups hydrogen
bonded to the SO group of DMSO. The anisotropy decays in this figure have been obtained by the decomposition of the polarization resolved
transient absorption changes as outlined in the text. The solid lines in panel B are monoexponential fits.

Figure 9. Anisotropy decays of water-acetone solutions at Xacet = 0.3−0.9. Panel A shows the decay of the anisotropy of the OD group of HDO
molecules with their OD group hydrogen bonded to other water molecules, and panel B shows the corresponding decay for HDO molecules having
their OD groups weakly hydrogen bonded to acetone. The anisotropy decays in this figure have been obtained by the decomposition of the
polarization resolved transient absorption changes as outlined in the text. The solid lines in panel B are monoexponential fits.
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491 molecules (Figure 9a) and RWA(t), the anisotropy decay of
492 HDO molecules that are hydrogen bonded to the CO
493 groups of acetone molecules (Figure 9b). RWW(t) shows only a
494 partial decay to about 80−90% of the initial value within the
495 first 4 ps. The results in Figure 9a show that water molecules
496 that are hydrogen bonded to other water molecules are strongly
497 impaired in their reorientation. It is likely that these water
498 molecules are present in the form of small water clusters, which
499 agrees with the fact that the vibrational lifetime of these water
500 molecules is similar to that of neat water (Figure 4). The
501 anisotropy RWA(t) of the CO bound water shown in Figure
502 9b is much faster than that of the SO bound water shown in
503 Figure 8b. This difference can be explained from the fact that
504 the hydrogen bond between water and the CO group of
505 acetone is much weaker than that between water and the SO
506 group of DMSO. Because of the weakness of the hydrogen
507 bond to the CO group, the barrier for reorientation is low,
508 thus making the hydroxyl group highly mobile. This
509 interpretation is supported by the observations that these
510 water molecules absorb at high frequencies and have a long
511 vibrational lifetime of T1 ≈ 13 ps. Both observations indicate
512 that the hydrogen bond donated by the O−D groups of these
513 HDO molecules is very weak. It is seen in Figure 9b that the
514 decay of the anisotropy RWA(t) significantly accelerates with
515 increasing acetone concentration. The time constants of the

f10 516 reorientation are shown in Figure 10 and decrease from 6.1 ±
517 0.2 ps at Xacet = 0.3 to 2.96 ± 0.05 ps at Xacet = 0.9.
518 For both water−DMSO and water−acetone mixtures the
519 anisotropy decay of the water molecules that are hydrogen
520 bonded to the solute becomes faster with increasing solute
521 concentration (Figures 8b and 9b). This acceleration is likely
522 due to the fact that the water molecules that donate a hydrogen
523 bond to the SO group of DMSO/CO group of acetone
524 will become less coordinated with other water molecules when
525 the solute concentration increases. With increasing XDMSO, the
526 fraction of 1:1 water−DMSO complexes will increase over the
527 fraction of 2:1 water−DMSO complexes. As a result, the water
528 molecule that is hydrogen bonded to the SO group will no
529 longer accept a hydrogen bond from another water molecule,
530 which increases its orientational mobility. It has been observed
531 that upon addition of acetone to water the number of 4-fold

532coordinated water molecules, which is the prevalent species in
533pure water, is gradually reduced and that 3- and 2-fold
534coordinated water molecules become more prominent.24,25

535Hence, at high acetone content, water molecules that donate a
536hydrogen bond to the CO group with one hydroxyl group
537no longer donate a hydrogen bond to a water molecule with
538their other hydroxyl group and no longer accept hydrogen
539bonds from other water molecules. As a result, the CO
540bound water molecules become more mobile, leading to an
541acceleration of their reorientation.
542The observed differences in vibrational relaxation and
543molecular reorientation dynamics of water molecules in
544water−DMSO and water−acetone mixtures likely find their
545origin in the different molecular geometries of the DMSO and
546acetone molecules. As mentioned in the Introduction, acetone
547adopts an essentially planar geometry, whereas the oxygen atom
548of a DMSO molecule lies outside the C−S−C plane.
549Additionally, the C−C and CO bond lengths are
550considerably shorter than the C−S and SO bonds in
551DMSO, respectively, making acetone an overall more compact
552molecule. It is conceivable that the specific molecular geometry
553of DMSO allows a water molecule to donate a hydrogen bond
554to the oxygen atom of the SO group of DMSO with little
555steric hindrance from the methyl groups. In contrast, the
556methyl groups of acetone might pose a significant steric barrier
557for the formation of hydrogen bonds to the oxygen atom of the
558CO group, due to the planar and overall more compact
559geometry of the acetone molecule.

4. CONCLUSIONS

560We studied the vibrational energy relaxation and molecular
561reorientation dynamics of water molecules in water−DMSO
562and water−acetone mixtures with polarization-resolved femto-
563second mid-infrared spectroscopy. For both water−DMSO and
564water−acetone mixtures we observe a slowing down of the
565vibrational relaxation dynamics of the water molecules with
566increasing solute fraction. For solute fractions Xsol ≥ 0.3 the
567transient spectra show the presence of two components,
568corresponding to water molecules that are hydrogen bonded to
569other water molecules and water molecules that are hydrogen
570bonded to CO or SO groups. The vibrational relaxation

Figure 10. Time constants of the anisotropy decay of water molecules hydrogen bonded to the SO group of DMSO as a function of XDMSO (panel
A) and the time constants of water molecules hydrogen bonded to the CO group of acetone as a function of Xacet (panel B). The time constants
are obtained from a single-exponential fit of the data shown in Figures 8b and 9b.
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571 time constant T1 of the CO/SO bound water molecules
572 strongly increases with increasing solute fraction (Figure 4b), to
573 7.9 ps at XDMSO = 0.95 and to 12.7 ps at Xacet = 0.9. This
574 increase in vibrational lifetime can be explained from the
575 decreased probability that the water molecule that is hydrogen
576 bonded to SO/CO is involved in hydrogen bonds with
577 other water molecules.
578 The water−DMSO and water−acetone mixtures show
579 remarkable differences in the reorientation dynamics of the
580 water molecules. At low solute fractions, we observe for both
581 mixtures a fraction of water molecules that are strongly slowed
582 down in their reorientation. We attribute this slow fraction to
583 water molecules that hydrate the hydrophobic methyl groups.
584 The fraction of slow water is much smaller for water−acetone
585 than for water−DMSO at the same concentration. For water−
586 acetone the slow fraction does not exceed ∼20% of the total
587 number of water molecules, and this plateau value is reached
588 already at a solute concentration of Xacet = 0.05. This finding
589 indicates that the acetone molecules form clusters already at
590 low solute concentrations. With increasing solute fraction, the
591 water−DMSO mixtures show a gradual transition from the
592 effect of hydrophobic hydration to the effect of hydrogen
593 bonding to the SO group.
594 At high solute fractions, the water-bound water molecules in
595 both water−acetone and water−DMSO mixtures show a very
596 slow reorientation with a time constant≫10 ps (Figures 9a and
597 8a). A difference between the two mixtures is that the
598 amplitude of the water-bound water is much higher for
599 water−acetone than for water−DMSO mixtures, which
600 indicates that water forms nanoconfined water clusters in
601 water−acetone mixtures. The water−acetone mixtures also
602 contain water molecules that are weakly hydrogen bonded to
603 the CO group. These water molecules show a relatively fast
604 reorientation with a time constant that decreases from 6.1 ± 0.2
605 ps at Xacet = 0.3 to 2.96 ± 0.05 ps at Xacet = 0.9 (Figure 9b). For
606 water−DMSO mixtures the water molecules forming hydrogen
607 bonds to the SO group show a much slower reorientation
608 (Figure 9b) with a time constant that decreases from 46 ± 14

609ps at XDMSO = 0.33 to 12 ± 2 ps at XDMSO = 0.95. The large
610difference in reorientation time constant of the solute-bound
611water for DMSO and acetone is due to the fact that the
612hydrogen bond between water and the SO group of DMSO
613is much stronger than the hydrogen bond between water and
614the CO group of acetone.
615Our observations support the notion of earlier studies that
616the structure of water−DMSO mixtures is largely determined
617by stable DMSO:water complexes for all mixture compositions,
618whereas the microscopic structure of water−acetone mixtures
619appears to be highly heterogeneous, showing nanoconfined
620acetone clusters at low acetone concentrations and nano-
621confined water clusters at high acetone concentrations. This
622remarkable difference between water−DMSO and water−
623acetone mixtures is probably due to the difference in molecular
624structure between DMSO and acetone. The larger, bent DMSO
625molecule offers sufficient room for water molecules to form
626strong hydrogen bonds to the SO group, while the more
627compact, planar acetone molecule does not provide sufficient
628room for a water molecule to form a strong hydrogen bond to
629the CO group.

630■ APPENDIX: FIT OF THE ISOTROPIC ABSORPTION
631CHANGES AND DECOMPOSITION OF THE
632ANISOTROPY DECAYS AT HIGH SOLUTE
633FRACTIONS

634 f11We use a model that is schematically represented in Figure 11A
635to fit the isotropic transient absorption changes Δαiso(ω,t). The
636spectral signatures of the excited OD-stretch vibration of water-
637bound (WW) and solute-bound (WS) HDO molecules for
638solute mole fractions of XDMSO = 0.8 and Xacet = 0.84,
639respectively, are shown in Figure 11B.
640When cast into matrix form, the set of ordinary differential
641equations associated with the vibrational relaxation model
642shown in Figure 11 read as follows:

Figure 11. (A) Graphical representation of the model employed to describe the vibrational relaxation dynamics of the OD-stretch vibration of HDO
molecules in water−DMSO and water−acetone mixtures. The excited states (ν = 1) of water-bound (WW) and solute-bound (WS) HDO molecules
decay to a common heated groundstate (ν = 0). (B) Associated spectral signatures of the excited OD-stretch vibration of HDO molecules having
their excited OD-group hydrogen bonded to other water molecules (lower frequency band) or the SO/CO moiety of DMSO/acetone. The spectra
have been normalized to the maximum absolute value of the negative part of the spectra. The spectral separation between the two types of HDO
species is about 20 cm−1 for DMSO−water and 50 cm−1 for acetone−water.
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644 Numerical integration of the above equations yields the time-
645 dependent population Ni(t) of the three states included in the
646 relaxation model. The best values for the vibrational lifetimes of
647 water-bound HDO molecules TWW and solute-bound HDO
648 molecules TWS are obtained by minimizing the target function
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650 The frequency-dependent, spectral signature of the ith states
651 σi(ω) are found by simultaneously finding the least-squares
652 solution to the equation
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654 where i runs over all three states involved in the model of
655 Figure 11A (n = 3).
656 Having obtained the spectral signatures of the excited states
657 of water-bound and solute-bound HDO molecules, σWW(ω)
658 and σWS(ω) are then used to disentangle the contribution from
659 these distinct water species to the anisotropy decays in Figure
660 7A,B. The anisotropy decays associated with each of the two
661 water species individually are found by performing a
662 decomposition of the polarization-resolved transient absorption
663 changes Δα∥(ω,t) and Δα⊥(ω,t). To that end, we write the
664 transient absorption changes obtained under parallel and
665 perpendicular polarization of pump and probe pulses as
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668 where Ri(t) denotes the anisotropy of a given species i of water
669 molecules, which is assumed to have no frequency dependence,
670 and the sum runs over all water species contributing to the
671 transient absorption changes. Since the heated ground state (i =
672 3) represents a thermal difference spectrum, it is assumed to be
673 isotropic and not to contribute to the anisotropy decay.
674 Therefore, the signal contribution of the heated ground state is
675 subtracted and the decomposition is performed with the two
676 excited states only (n = 2 in eq A4). The decomposition of the
677 polarization resolved data sets Δα∥(ω,t) and Δα⊥(ω,t) with the
678 previously obtained σWW(ω), σWS(ω) is based on finding the
679 least-squares solution to the equation
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681 The same procedure is performed for Δα⊥. Having obtained
682 Ni,∥(t) and Ni,⊥(t), it is possible to extract the anisotropy decay

683that reflects purely the reorientation dynamics of the ith water
684species:
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686The results of this analysis are shown in Figures 8 and 9.
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