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Abstract

© 2018 American Chemical Society. The intermolecular interactions and dynamics of aqueous
1,1-dimethyurea (1,1-DMU) solutions were studied by examining the concentration dependence
of the solvent and solute relaxations detected by dielectric spectroscopy. Molecular dynamics
simulations were carried out to facilitate interpretation of the dielectric data and to get a deeper
insight into the behavior of the system components at the microscopic level. In particular, the
simulations  allowed  for  explaining  the  main  differences  between  the  dielectric  spectra  of
aqueous solutions of 1,1-DMU and of its structural isomer 1,3-DMU. Similar to the previously
studied compounds urea and 1,3-DMU, 1,1-DMU forms rather stable hydrates. This is evidenced
by an effective solute dipole moment that significantly exceeds the value of a neat 1,1-DMU
molecule, indicating pronounced parallel alignment of the solute dipole with two to three H2O
moments. The MD simulations revealed that the involved water molecules form strong hydrogen
bonds with the carbonyl group. However, in contrast to 1,3-DMU, it was not possible to resolve a
"slow-water"  mode  in  the  dielectric  spectra,  suggesting  rather  different  hydration-shell
dynamics for 1,1-DMU as confirmed by the simulations. In contrast to aqueous urea and 1,3-
DMU, addition of 1,1-DMU to water leads to a weak decrease of the static permittivity. This is
explained by the emergence of antiparallel dipole-dipole correlations among 1,1-DMU hydrates
with rising concentration.

http://dx.doi.org/10.1021/acs.jpcb.8b01699

References

[1] Hamada, H.; Arakawa, T.; Shiraki, K. Effect of additives on protein aggregation. Curr. Pharm. Biotechnol. 2009,
10, 400-407, 10.2174/138920109788488941

[2] Shukla, D.; Schneider, C. P.; Trout, B. L. Molecular level insight into intra-solvent interaction effects on protein
stability and aggregation. Adv. Drug Delivery Rev. 2011, 63, 1074-1085, 10.1016/j.addr.2011.06.014

[3] Zhu, L.-Y.; Hu, X.-G.; Wang, H.-Q.; Chen, N. Enthalpic pairwise self-interactions of urea and its four derivatives
in (dimethylformamide + water) mixtures rich in water at T = 298.15 K. J. Chem. Thermodyn. 2016, 93, 200-
204, 10.1016/j.jct.2015.10.010

[4] Barone, G.; Castronuovo, G.; Crescenzi, V.; Elia, V.; Rizzo, E. The hydrophobic effect in aqueous solutions of
nonelectrolytes. I. Self-interactions of alkylureas. J. Solution Chem. 1978, 7, 179-192, 10.1007/BF00650525

[5] Muñoz de Miguel, E.; Yanes, C.; Maestre, A. Mixing enthalpies of alkylureas with electrolytes in water at 298.15
K. J. Chem. Eng. Data 2001, 46, 423-427, 10.1021/je000326n

[6] Castronuovo, G.; Elia, V.; Velleca, F. A model for the interaction between hydrophilic and hydrophobic solutes.
A calorimetric study of the aqueous solutions containing alkylureas and urea at 298.15 K. J. Mol. Liq. 1996, 68,
55-64, 10.1016/0167-7322(95)00912-4

http://dx.doi.org/10.1021/acs.jpcb.8b01699


[7] Ahluwalia, J. C.; Subramanian, S.; Sarma, T. S.; Balasubramanian, D. Effects of the urea-guanidinium class of
protein denaturants on water structure: Heats of solution and proton chemical shift studies. J. Phys. Chem.
1971, 75, 815-820, 10.1021/j100676a016

[8] Rouw, A.; Somsen, G. Solvation and hydrophobic hydration of alkyl-substituted ureas and amides in N,N-
dimethylformamide  +  water  mixtures.  J.  Chem.  Soc.,  Faraday  Trans.  1  1982,  78,  3397-3408,
10.1039/f19827803397

[9] Ivanov, E. V.; Abrosimov, V. K.; Smirnov, V. I. Enthalpies of transfer of urea and methyl-substituted ureas from
water to methanol at 298.15 K. Thermochim. Acta 2006, 449, 90-92, 10.1016/j.tca.2006.06.011

[10] Batov,  D.  V.;  Ivanov,  E.  V.  DO-HO solvent  isotope effects  on the enthalpy of  1,3-dimethylpropyleneurea
hydration at temperatures from (278.15 to 313.15) K and atmospheric pressure. Thermochim. Acta 2011, 514,
16-21, 10.1016/j.tca.2010.11.025

[11] Philip, P. R.; Perron, G.; Desnoyers, J. E. Apparent molal volumes and heat capacities of urea and methyl-
substituted ureas in HO and DO at 25 °C. Can. J. Chem. 1974, 52, 1709-1713, 10.1139/v74-246

[12] Mizutani, K.; Yasuda, M. Apparent molar volume of urea derivatives in water-methanol mixtures. Bull. Chem.
Soc. Jpn. 1988, 61, 3301-3305, 10.1246/bcsj.61.3301

[13] Singh, M.; Kumar, A. Hydrophobic interactions of methylureas in aqueous solutions estimated with density,
molal volume, viscosity and surface tension from 293.15 to 303.15 K. J. Solution Chem. 2006, 35, 567-582,
10.1007/s10953-005-9008-7

[14] Brown, B. R.; Gould, M. E.; Ziemer, S. P.; Niederhauser, T. L.; Woolley, E. M. Apparent molar volumes and
apparent molar heat capacities of aqueous urea, 1,1-dimethylurea, and N,N′-dimethylurea at temperatures
from (278.15  to  348.15)  K  and  at  the  pressure  0.35  MPa.  J.  Chem.  Thermodyn.  2006,  38,  1025-1035,
10.1016/j.jct.2005.10.017

[15] Kumar, A.; Singh, M.; Gupta, K. C. An estimation of hydrophilic and hydrophobic interaction of aqueous urea,
methylurea, dimethylurea and tetramethylurea from density and apparent molal volume at 30.0°C. Phys.
Chem. Liq. 2010, 48, 1-6, 10.1080/00319100701785135

[16] Krakowiak, J.; Wawer, J.; Panuszko, A. Densimetric and ultrasonic characterization of urea and its derivatives in
water. J. Chem. Thermodyn. 2013, 58, 211-220, 10.1016/j.jct.2012.11.007

[17] Krakowiak, J.; Wawer, J. Hydration of urea and its derivatives-Volumetric and compressibility studies. J. Chem.
Thermodyn. 2014, 79, 109-117, 10.1016/j.jct.2014.07.012

[18] Bonner, O. D.; Breazeale, W. H. Osmotic and activity coefficients of some nonelectrolytes. J. Chem. Eng. Data
1965, 10, 325-327, 10.1021/je60027a007

[19] Barone, G.; Rizzo, E.; Volpe, V. Osmotic and activity coefficients of alkylureas in water at 25 °C. J. Chem. Eng.
Data 1976, 21, 59-61, 10.1021/je60068a022

[20] Sartorio, R.; Padulano, P.; Costantino, L.; Vitagliano, V. Diffusion coefficients of alkyl ureas in aqueous solution
at 25°C. J. Solution Chem. 1981, 10, 111-119, 10.1007/BF00644993

[21] Harnagea, E. I.; Jagodzinski, P. W. Infrared spectra of cyclic and non-cyclic ureas in solution: Structures and
interactions. Vib. Spectrosc. 1996, 10, 169-175, 10.1016/0924-2031(95)00046-1

[22] Kaatze,  U.  Hydration  of  urea  and  alkylated  urea  derivatives.  J.  Chem.  Phys.  2018,  148,  014504,
10.1063/1.5003569

[23] Kaatze, U.; Gerke, H.; Pottel, R. Dielectric relaxation in aqueous solutions of urea and some of its derivatives. J.
Phys. Chem. 1986, 90, 5464-5469, 10.1021/j100412a113

[24] Agieienko, V.; Horinek, D.; Buchner, R. Hydration and self-aggregation of a neutral cosolute from dielectric
relaxation spectroscopy and MD simulations: The case of 1,3-dimethylurea. Phys. Chem. Chem. Phys. 2017, 19,
219-230, 10.1039/C6CP07407C

[25] Costantino, L.; D'Errico, G.; Ortona, O.; Vitagliano, V. Transport properties of urea and alkylureas aqueous
solutions. A velocity correlation study. J. Mol. Liq. 2000, 84, 179-191, 10.1016/S0167-7322(99)00180-4

[26] Shimizu, A.; Fumino, K.; Yukiyasu, K.; Taniguchi, Y. NMR studies on dynamic behavior of water molecule in
aqueous denaturant solutions at 25 °C: Effects of guanidine hydrochloride, urea and alkylated ureas. J. Mol. Liq.
2000, 85, 269-278, 10.1016/S0167-7322(00)00106-9

[27] Agieienko, V.; Buchner, R. Urea hydration from dielectric relaxation spectroscopy: Old findings confirmed, new
insights gained. Phys. Chem. Chem. Phys. 2016, 18, 2597-2607, 10.1039/C5CP07604H

[28] Tielrooij, K.-J.; Hunger, J.; Buchner, R.; Bonn, M.; Bakker, H. J. Influence of concentration and temperature on
the dynamics of water in the hydrophobic hydration shell of tetramethylurea. J. Am. Chem. Soc. 2010, 132,
15671-15678, 10.1021/ja106273w

[29] Zhu, P.; Chen, Y.; Zhang, M.; Bao, Y.; Xie, C.; Hou, B.; Gong, J.; Chen, W. Measurement and correlation of
solubility and solution thermodynamics of 1,3-dimethylurea in different solvents from T = (288.15 to 328.15) K.
J. Chem. Thermodyn. 2016, 97, 9-16, 10.1016/j.jct.2015.12.032

[30] Hayashi, Y.; Katsumoto, Y.; Omori, S.; Kishii, N.; Yasuda, A. Liquid structure of the urea-water system studied
by dielectric spectroscopy. J. Phys. Chem. B 2007, 111, 1076-1080, 10.1021/jp065291y



[31] Hayashi, Y.; Katsumoto, Y.; Oshige, I.; Omori, S.; Yasuda, A. Comparative study of urea and betaine solutions by
dielectric spectroscopy: Liquid structures of a protein denaturant and stabilizer. J. Phys. Chem. B 2007, 111,
11858-11863, 10.1021/jp073238j

[32] Saito,  A.;  Miyawaki,  O.;  Nakamura, K.  Dielectric relaxation of aqueous solution with low-molecular-weight
nonelectrolytes and its relationship with solution structure. Biosci., Biotechnol., Biochem. 1997, 61, 1831-1835,
10.1271/bbb.61.1831

[33] Hunger,  J.;  Ottosson,  N.;  Mazur,  K.;  Bonn,  M.;  Bakker,  H.  J.  Water-mediated  interactions  between
trimethylamine-N-oxide and urea. Phys. Chem. Chem. Phys. 2015, 17, 298-306, 10.1039/C4CP02709D

[34] Schrödle, S.; Hefter, G.; Kunz, W.; Buchner, R. Effects of nonionic surfactant CE on the cooperative dynamics of
water. Langmuir 2006, 22, 924-932, 10.1021/la0519711

[35] Barthel,  J.;  Buchner,  R.;  Eberspächer,  P.  N.;  Münsterer,  M.;  Stauber,  J.;  Wurm,  B.  Dielectric  relaxation
spectroscopy of  electrolyte solutions.  Recent developments and prospects.  J.  Mol.  Liq.  1998, 78,  83-109,
10.1016/S0167-7322(98)00085-3

[36] Wang, J.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D. A. Development and testing of a general amber
force field. J. Comput. Chem. 2004, 25, 1157-1174, 10.1002/jcc.20035

[37] Neese,  F.  The  ORCA  program  system.  Wiley  Interdiscip.  Rev.  Comput.  Mol.  Sci.  2012,  2,  73-78,
10.1002/wcms.81

[38] Berendsen, H. J.  C.;  van der Spoel,  D.;  van Drunen, R.  GROMACS: A message-passing parallel  molecular
dynamics implementation. Comput. Phys. Commun. 1995, 91, 43-56, 10.1016/0010-4655(95)00042-E

[39] Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N·log(N) method for Ewald sums in large systems. J.
Chem. Phys. 1993, 98, 10089-10092, 10.1063/1.464397

[40] Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 2007, 126,
014101, 10.1063/1.2408420

[41] Parrinello, M.; Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J.
Appl. Phys. 1981, 52, 7182-7190, 10.1063/1.328693

[42] Nosé, S.; Klein, M. L. Constant pressure molecular dynamics for molecular systems. Mol. Phys. 1983, 50, 1055-
1076, 10.1080/00268978300102851

[43] Brehm,  M.;  Kirchner,  B.  TRAVIS-A  free  analyzer  and visualizer  for  Monte  Carlo  and molecular  dynamics
trajectories. J. Chem. Inf. Model. 2011, 51, 2007-2023, 10.1021/ci200217w

[44] Zasetsky,  A.  Y.;  Buchner,  R.  Quasi-linear  least  squares  and  computer  code  for  numerical  evaluation  of
relaxation time distribution from broadband dielectric spectra. J. Phys.: Condens. Matter 2011, 23, 025903,
10.1088/0953-8984/23/2/025903

[45] Schönhals, A.; Kremer, F. Theory of dielectric relaxation. In Broadband dielectric spectroscopy; Kremer, F.,
Schönhals, A., Eds.; Springer: Berlin, Heidelberg, 2003; pp 1-33.

[46] Bevington, P. R.; Robinson, D. K. Data reduction and error analysis for the physical sciences; McGraw-Hill: New
York, 2003.

[47] Buchner, R.; Barthel, J.; Stauber, J. The dielectric relaxation of water between 0°C and 35°C. Chem. Phys. Lett.
1999, 306, 57-63, 10.1016/S0009-2614(99)00455-8

[48] Laage, D.; Stirnemann, G.; Sterpone, F.; Rey, R.; Hynes, J. T. Reorientation and allied dynamics in water and
aqueous solutions. Annu. Rev. Phys. Chem. 2011, 62, 395-416, 10.1146/annurev.physchem.012809.103503

[49] Vinh, N. Q.; Sherwin, M. S.; Allen, S. J.; George, D. K.; Rahmani, A. J.; Plaxco, K. W. High-precision gigahertz-t-
-terahertz spectroscopy of aqueous salt solutions as a probe of the femtosecond-to-picosecond dynamics of
liquid water. J. Chem. Phys. 2015, 142, 164502, 10.1063/1.4918708

[50] Mogami,  G.;  Miyazaki,  T.;  Wazawa,  T.;  Matubayasi,  N.;  Suzuki,  M.  Anion-dependence  of  fast  relaxation
component in Na-, K-halide solutions at low concentrations measured by high-resolution microwave dielectric
spectroscopy. J. Phys. Chem. A 2013, 117, 4851-4862, 10.1021/jp4012119

[51] Eiberweiser,  A.;  Nazet,  A.;  Hefter,  G.;  Buchner,  R.  Ion  hydration  and  association  in  aqueous  potassium
phosphate solutions. J. Phys. Chem. B 2015, 119, 5270-5281, 10.1021/acs.jpcb.5b01417

[52] Barthel,  J.;  Hetzenauer,  H.;  Buchner,  R.  Dielectric  relaxation  of  aqueous  electrolyte  solutions  II.  Ion-pair
relaxation  of  1:2,  2:1,  and  2:2  electrolytes.  Ber.  Bunseng.  Phys.  Chem.  1992,  96,  1424-1432,
10.1002/bbpc.19920961015

[53] Hunger, J.; Tielrooij, K.-J.; Buchner, R.; Bonn, M.; Bakker, H. J. Complex formation in aqueous trimethylamine--
-oxide (TMAO) solutions. J. Phys. Chem. B 2012, 116, 4783-4795, 10.1021/jp212542q

[54] Eiberweiser, A.; Nazet, A.; Kruchinin, S. E.; Fedotova, M. V.; Buchner, R. Hydration and ion binding of the
osmolyte ectoine. J. Phys. Chem. B 2015, 119, 15203-15211, 10.1021/acs.jpcb.5b09276

[55] Glarum, S. H. Dielectric relaxation of isoamyl bromide. J. Chem. Phys. 1960, 33, 639-643, 10.1063/1.1731229
[56] Dote, J.  L.;  Kivelson, D.; Schwartz, R. N. A molecular quasi-hydrodynamic free-space model for molecular

rotational relaxation in liquids. J. Phys. Chem. 1981, 85, 2169-2180, 10.1021/j150615a007



[57] Dote, J. L.; Kivelson, D. Hydrodynamic rotational friction coefficients for nonspheroidal particles. J. Phys. Chem.
1983, 87, 3889-3893, 10.1021/j100243a020

[58] Beck, T. L.; Paulaitis, M. E.; Pratt, L. R. The potential distribution theorem and models of molecular solutions;
Cambridge University Press: Cambridge, U.K., 2006.

[59] Mehrotra,  P.  K.;  Beveridge,  D.  L.  Structural  analysis  of  molecular  solutions  based  on  quasi-component
distribution  functions.  Application  to  [HCO]  at  25  °C.  J.  Am.  Chem.  Soc.  1980,  102,  4287-4294,
10.1021/ja00533a001

[60] Lin, B.; Pettitt, B. M. Note: On the universality of proximal radial distribution functions of proteins. J. Chem.
Phys. 2011, 134, 106101, 10.1063/1.3565035

[61] Ramondo, F.; Bencivenni, L.; Caminiti, R.; Pieretti, A.; Gontrani, L. Dimerisation of urea in water solution: A
quantum mechanical investigation. Phys. Chem. Chem. Phys. 2007, 9, 2206-2215, 10.1039/b617837e

[62] Shiraga, K.; Ogawa, Y.; Tanaka, K.; Arikawa, T.; Yoshikawa, N.; Nakamura, M.; Ajito, K.; Tajima, T. Coexistence
of kosmotropic and chaotropic impacts of urea on water as revealed by terahertz spectroscopy. J. Phys. Chem.
B 2018, 122, 1268-1277, 10.1021/acs.jpcb.7b11839

[63] Kokubo, H.; Pettitt, B. M. Preferential solvation in urea solutions at different concentrations: Properties from
simulation studies. J. Phys. Chem. B 2007, 111, 5233-5242, 10.1021/jp067659x

[64] Pérez-Folch, J.; Subirana, J. A.; Aymami, J. Polar structure of N,N′-dimethylurea crystals. J. Chem. Crystallogr.
1997, 27, 367-369, 10.1007/BF02576570

[65] Martins,  D.  M.  S.;  Spanswick,  C.  K.;  Middlemiss,  D.  S.;  Abbas,  N.;  Pulham, C.  R.;  Morrison,  C.  A.  A new
polymorph  of  N,N′-dimethylurea  characterized  by  X-ray  diffraction  and  first-principles  lattice  dynamics
calculations. J. Phys. Chem. A 2009, 113, 5998-6003, 10.1021/jp900141q

[66] Mido,  Y.;  Tanase,  K.;  Kido,  K.  Vibrational  spectra  and  normal  vibrations  of  N,N-dimethylurea  and  three
deuterated analogues. Spectrochim. Acta Mol. Spectros. 1989, 45, 397-402, 10.1016/0584-8539(89)80034-0


