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ABSTRAC'I.‘: Piperidine an.d N-methylpiperidine hydrates aggre- 30 |- _ AH (theo.)
gate in liquid aqueous solutions due to hydrogen bonds between
hydration water molecules. No such effects occur in the mixtures of
the amines with methanol, that supports the idea of active role of 20 — XORD e
water solvent in the aggregation. However, the question of y4H >0
contributions in thermodynamic functions due to specific
interactions, van der Waals forces, and the size and shape of the 10 XOH+RN
molecules remains open. In the present study, limiting partial molar
enthalpies of solution of pyrrolidine, N-methylpyrrolidine, piper-
idine, and N-methylpiperidine in water and methanol and vice versa
were measured and compared with those assessed from theoretically 0 10 20 30

calculated molecular interaction energies using a simple “chemical

reaction” model. Nearly quantitative agreement of the enthalpies was achieved for the systems studied, except the amines in
water. The latter required an empirical hydrophobic hydration term to be considered. The hydrogen bonds formation and
breaking which accompany the mixtures formation leads to considerable excess volumes, while the size of the solute molecules is
manifested rather in the compressibility of aqueous solutions. SANS evidenced that aqueous solutions are microheterogeneous
on the nanometer-order length scale. The propensity to promote phase separation increases in the order: N-methylpiperidine <
N-methylpyrrolidine < piperidine < pyrrolidine.
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XOH...NR
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[
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1. INTRODUCTION pair of cyclic amines, namely pyrrolidine and N-methylpyrro-
lidine, and to compare the results.

To the best of our knowledge, the only comparison available
in the literature is that based on the heats of solution in water.”
The smaller negative heats of solution of secondary amines
(pyridine and pyrrolidine) in water, in comparison with those

Previous studies of liquid binary mixtures of piperidine and N-
methylpiperidine with water revealed heterogeneities in the
nanometer-length scale, probably caused by aggregation of the
amine-water cross-associates due to O—H---O bonds between

the hydration water molecules. Small-angle neutron scattering of the tertiary ones (respective N-methyl-substituted com-
(SANS) experiments point to concentration fluctuations in the pounds), was explained qualitatively as a consequence of
N-methylpiperidine system and to a microphase separation breaking the N—H---N bonds in the former. Differences in the
with two characteristic lengths in that of piperidine. Differences entropy of hydration were attributed to the formation of water
between the two systems were manifested also in the clusters around the solute molecule. Studies of pyrrolidine-
thermodynamic excesses of molar volume, molar isentropic water system concerned densities,”* viscosities® and speeds of
compression and molar isobaric expansion, while theoretically

calculated stabilization energies of water—amine complexes Received: October 11, 2016

differed rather slightly."”” Observed regularities tempted us to Revised: ~ March 19, 2017

complete the study with binary aqueous solutions of another Published: March 21, 2017
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ultrasound’® in binary and ternary’ mixtures piperidine +
pyrrolidine + water. An addition of pyrrolidine or piperidine to
water rapidly decreases the surface tension, and the values of
surface entropy for the two systems are equal one to another
and independent of the mixtures composition.® Vapor—liquid
equilibrium curves for pyrrolidine-water system show positive
deviation from Raoult’s law, but the mixture remains zeotropic,
while pyrrolidine with ethanol forms negative azeotrope.” The
corrected preferential solvation parameters point to self-
preference of the pyrrolidine and water molecules in binary
mixture due to their interactions rather than differences in their
volumes.'’ Single relaxational absorption determined in the
ultrasound attenuation studies of aqueous solutions of
pyrrolidine in the frequency range 3.0—220 MHz was explained
by a proton transfer reaction, while aqueous piperidine showed
also another relaxation process in this frequency range,
associated with an aggregation of nonionized molecules."'

Important difference between piperidine and N-methylpiper-
idine (as well as between pyrrolidine and N-methylpyrrolidine)
is the ability to self-association of the former due to N—H:-N
bonds. In crystals, neat piperidine and pyrrolidine form chains
of hydrogen-bonded molecules.'”~"* However, the contribu-
tion of van der Waals interactions in the sublimation enthalpy
surpasses that of hydrogen bonding at least for piperidine."”
The pyrrolidine ring is by one methylene group smaller than
that of piperidine, while N-methylpyrrolidine is its structural
isomer incapable of N—H:--N bonding. Thus, undertaking the
present study we hoped to gather information that would help
to tell apart the contributions due to hydrogen bonds, van der
Waals molecular interactions, and those related to the size and
shape of the molecules (Figure 1).

A
GO0
Figure 1. Molecules of pyrrolidine, N-methylpyrrolidine, piperidine,
and N-methylpiperidine.

Another reason for interest in these systems is that piperidine
and N-methylpiperidine act as clathrate promoters in water.
Clathrate hydrates are promising materials in practical
applications because of their high gas storage capacity.”~'*
Moreover, information about crystal structures helps to suggest
reliable models of molecular order in liquids, which otherwise
must be rather speculative at the present state of knowledge.
Obviously, clathrate-like structures in the liquid state are
dynamic, contrary to solid clathrate hydrates which are stable in
time, although even the latter may undergo deformations due
to changes of temperature and pressure.'’

In the solid state, pyrrolidine and piperidine with methane
forms sII clathrate hydrates in aqueous solutions at elevated
pressures,”’ while sH clathrates of N-methylpiperidine arise in
similar conditions.”> Recently, crystal structures of pyrrolidine
hemi- and hexahydrates were reported.”’ In the former, two
amine molecules are hydrogen-bonded with one water
molecule. The solid hexahydrate is a semiclathrate structure
with guest amine molecules participating in the hydrogen-
bonded network of the host water. It seems reasonable to
presume that N-methylpyrrolidine also forms solid hydrate
clathrates or semiclathrates, although no information about
such structures is available in the literature. The structures of
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the solid systems support the supposition about the role of
water as an active solvent causing molecular aggregation in
liquid aqueous solutions of cyclic aliphatic and aromatic amines,
suggested to explain e.g. phase splitting of binary mixtures of N-
methylpiperidine and 2,6-dimethylpyridine with water at
temperatures slightly above the room one, and relaxation
times of the nanoseconds order of magnitude in these mixtures,
determined in the ultrasound absorption experiments."***

In the present work, we report limiting partial molar
enthalpies of solution of pyrrolidine, N-methylpyrrolidine,
piperidine and N-methylpiperidine in water and methanol,
and vice versa, as well as enthalpy effects of hgrdrogen bonding
assessed according to Solomonov’s method.”* > The exper-
imental enthalpies were compared with those estimated from
theoretically calculated energies of binary molecular inter-
actions. Molecular order in mixtures of finite concentration was
suggested on the basis of the SANS results and applied in the
discussion of isentropic compressibilities and thermodynamic
excesses of molar volume and molar isobaric thermal expansion.

2. THEORETICAL CALCULATIONS

The following systems were studied by quantum chemical
methods: 1:1 hydrogen-bonded complexes of pyrrolidine and
N-methylpyrrolidine with water and methanol, 1:1 and 1:2
complexes of piperidine with methanol, as well as pyrrolidine
and N-methylpyrrolidine dimers. Association energy of
complexes and dimers was defined as supermolecule interaction
energy, AE[A-nB], which was calculated as the difference
between the sum of the energies of the interacting monomers,
E, and Ej, and the energy of the complex, E,.z:

AE[A-nB] = (E, + nEg) — Ey 3 (1)
where the symbols A and B stand for the interacting molecules,
different for complexes and the same for dimers, and n = 1 and
n = 2 for the 1:1 and 1:2 complexes, respectively. E,z, E,, and
Ej, were evaluated at the same level of theory using the same
basis set and the same quadrature in DFT calculations.
Interaction energies were calculated from the density functional
theory (DFT) with the B3LYP exchange-correlation functional,
and from the second-order Moller—Plesset perturbation theory
(MP2)" using the Dunning’s augmented correlation consistent
polarized valence double-¢ (aug-cc-pVDZ) basis set.””™*° The
isolated molecules geometries and those of the complexes were
fully optimized at the DFT/B3LYP level of theory. These
geometries were applied in the MP2 single point energy
calculations. Additionally, geometries of the complexes of
pyrrolidine and N-methylpyrrolidine were also fully optimized
at the MP2 level of theory. Because association energies
obtained from full geometry optimization at MP2 level and
from the single point MP2 calculations are similar one to
another, the MP2 association energies for species with
piperidine were determined only on the basis of single point
calculations. Both energies and geometries were also calculated
by double hybrid B2PLYP method, which combines the exact
HF exchange with a MP2-like correlation to a DET.*® Obtained
association energies, AE[A-nB], were corrected for the basis set
superposition error (BSSE) and zero-point vibrational energy
(ZPE). The BSSE was estimated using the counterpoise
technique (CP).””*" In the case of MP2 association energy
obtained from single point calculations, the ZPE corrections
from DFT method were taken into account. The Gaussian 09
program package®” was applied in the calculations.
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Figure 2. Optimized geometries of the piperidine—methanol complexes and of the piperidine dimer calculated by the B3LYP/aug-cc-pVDZ method.
Bond lengths and valence angles reported in Supporting Information, Table S1. The piperidine dimer was reported earlier” and is shown here for the

readers’ convenience.

Optimized structures of molecular complexes obtained in the
B3LYP/aug-cc-pVDZ calculations are presented in Figures 2
and 3, and relevant geometrical parameters are available as
Supporting Information, Tables S1 and S2. Association energies
are reported in Tables 1 and 2. As in the previous
studies,"**™*" the following sequence of energies was
observed: AE(MP2) > AE(B2PLYP) > AE(DFT/B3LYP).
Lower B2PLYP and DFT/B3LYP values are due to under-
estimated dispersion energies which is a general feature of the
DFT results.”*~* For piperidine complex with methanol, two
additional structures were considered (Figure 2, upper right
and bottom left panel). One of them is a simple 1:1 complex
with hydrogen bond of the N—H:--O type, the second is a 1:2
complex containing two types of hydrogen bonds, i.e. O—H:-N
and N—H---O. According to the results collected in Table 2, the
energies of N—H:--O bond are about 2—3 times lower than
those of O—H-N ones, depending on the method of
calculation. Hydrogen bond of the N—H:-O type is usually
classified as weak™™*”*® and from the point of view of
energetics, creation of complexes with N—H:---O bond is less
favorable than creation of complexes with O—H:--N bonds.
Moreover, in case of the considered 1:1 piperidine—methanol
N—H--O complex, the calculated association energies are also
slightly lower than the ones calculated for the piperidine dimer
with one N—H--N bond. The results of calculations for 1:2
piperidine—methanol complex show that the hydrogen bond
cooperative effect is small. Both hydrogen bonds, O—H:--N and
N—H:--O, are strengthened rather slightly, as the association
energy increases only by about 2—3 kJ:mol™' per bond in

3072

comparison with respective 1:1 complexes. Thus, in the light of
the results discussed above, the most stable complexes among
the considered theoretically structures are these with O—H---N
bonds. Consequently, the formation of 1:1 complexes of the
amines with methanol and water seems to be essential for the
explanation of the studied systems properties, while that of 1:2
ones may play minor role.

3. EXPERIMENTAL SECTION

3.1. Chemicals. Pyrrolidine, N-methylpyrrolidine, piper-
idine, and N-methylpiperidine of mass fraction purity no less
than 0.97 were purchased from Sigma-Aldrich. They were
purified before usage by standard methodologies: dried with
sodium and fractionally distilled under nitrogen atmosphere."’
Anhydrous methanol was obtained by passage through Linde
type 4 A molecular sieves and further distillation. More detailed
information about the chemicals is presented in Table 3.

Water was distilled twice and additionally deionized by an
EasyPure II (Thermo Scientific) system. Its final resistivity was
182 MQ-cm at 298.15 K. Heavy water (Sigma, 99.9% D,0)
and heavy methanol (Sigma, 99.8% CD;OD) were used
without any pretreatment.

Binary solutions were prepared by mass. The uncertainty in
solutions mole fractions did not exceed 5 X 1075,

3.2. Apparatus. The solution enthalpies at temperature
298.15 + 0.01 K were determined with the isothermal
calorimeter TA Instruments TAM III, equipped with a titration
input system which provided the solute injection in consecutive
drops of the volume 5—20 yL into the thermostated glass cell
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Figure 3. Optimized geometries of the complexes of pyrrolidine and N-methylpyrrolidine with water and methanol, and of pyrrolidine and N-
methylpyrrolidine dimers. Structures obtained from the DFT/B3LYP/aug-cc-pVDZ calculations. Bond lengths and valence angles reported in
Supporting Information, Table S2.

Table 1. Association Energies” of the 1:1 Complexes of Pyrrolidine and N-Methylpyrrolidine with Water and Methanol, and
Those of the Pyrrolidine and N-Methylpyrrolidine Dimers”

DFT/B3LYP

MP2

MP2

B2PLYP

(CH,),NH (CH,),NCH,
H,0 CH,OH (CH,),NH H,0 CH,0H (CH,),NCH,

AE 30.6 30.1 12.3 29.5 28.8 47
AEgq; 27.8 273 95 26.0 25.0 0.6
AEyse. 705 19.5 217 7.0 17.8 192 —14
AEgssnimpe’ 21.1 223 193 19.9

AE 39.8 422 264 40.1 435 203
AFEyss 31.8 333 17.9 306 327 10.5
PN R 23.4 27.6 15.5 22.4 26.9 8.4
AEyssp 706" 25.0 283 239 27.6

AE 410 438 34.6 422 46.6 329
AEyqe 321 335 204 320 336 159
JiN 233 28.0 17.5 233 283 133
PN A 25.1 287 25.0 29.0

AE 344 349 192 342 349 132
AEgqss 30.0 30.1 13.1 289 29.0 5.8
AEyse. 705 21.5 24.5 10.7 204 23.6 35
AEgspzpe’ 23.1 252 22.0 243

“AE in kJ-mol ™" ”BSSE, corrected for the basis set superposition error; ZPE, corrected for the zero-point vibrational energy. “Results for deuterated
molecules: D,0, CD,0D. “Results obtained for single point calculations from the DFT/B3LYP optimized geometries.
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Table 2. Association Energies” of the 1:1 and 1:2 Complexes of Piperidine with Methanol, and Those of the Piperidine Dimer”

(CH,)NH-CH,0H (CH,),NH-2CH,0H ((CH,);NH),
O-H--N N—H---O O-H--N N-H--O N—H--N
DFT/B3LYP AE 29.7 10.3 343 14.9 12.5°
AEyqs 26.8 8.7 29.7 117 9.1°
PN 202 5.8 229 8.6 6.4°
mp2¢ AE 424 19.6 47.6 24.8 29.1¢
AEgqe 334 14.5 35.0 17.3 19.2°
PN R 26.8 116 283 14.2 16.4°
B2PLYP AE 347 14.3 392 18.8 19.6°
AEgqe 29.8 11.0 32.0 14.3 13.0°
AEyss. 705 24.1 7.8 26.1 10.9 10.8°

“AE in kJ-mol™" PBSSE, corrected for the basis set superposition error; ZPE, corrected for the zero-point vibrational energy. “Reference2. “Results
obtained for single point calculations from the DFT/B3LYP optimized geometries.

Table 3. Characteristics of the Chemicals Used in This Work

initial mass  final mass mass
fraction fraction analysis  fraction of

chemical purity purity method water”
methanol 0.98 0.998 GC 0.0003
pyrrolidine 0.99 0.997 GC 0.0002
N-methylpyrrolidine 0.97 0.995 GC 0.0004
piperidine 0.99 0.997 GC 0.0002
N-methylpiperidine 0.99 0.996 GC 0.0002

“As determined by the Karl Fischer titration.

filled with 100 mL of the solvent. The measurement procedure
was described in detail earlier.”**° The instrument was checked
on the basis of a test titration of propan-1-ol to water, which
gave the solution enthalpy of —10.16 + 0.03 kJ-mol™" that

agreed well with the recommended value of —10.16 + 0.02 kJ-
mol™! reported by Hallén et al.”'

The density and speed of sound were measured with an
Anton Paar DSA 5000 apparatus with resolutions of 1 X 107>
kg'm™> and 1 X 107> m-s™", respectively. The accuracies were S
X 107 kg'm ™ for the density and § X 107! m-s™" for the speed
of sound. The instrument was calibrated with water and dry air
following the manufacturer’s instructions. Measurement details
were reported in the previous work.”

Small-angle neutron scattering experiments were performed
on the Yellow Submarine instrument in the Budapest Neutron
Center. The scattering vector g ranged from 0.4 to 4.3 nm™".
The samples were placed in 2 mm thick quartz cuvettes, and
thermostated during the scattering experiment at 298.15 K.

Table 4. Limiting Partial Molar Enthalpies of Solution, and Enthalpies of Hydrogen Bonding of Solutes (A) in Solvents (S) at T

=298.15 K and p = 0.1 MPa

A HYS/ (K -mol ™)

solute (A) solvent (S) experimental assessed” AgH/ (KJ-mol ™)

(CH,),NH H,0 —26.15 + 0.02 —-19.5 (—30.2) -18.4
—26.12°

(CH,),NH H,0 —26.15 + 0.02 —-17.5% (—28.2) -18.8"
—26.14"

(CH,),NCH, H,0 —30.15 + 0.02 —17.8 (=28.5) -22.0°
—29.22°

(CH,);NCH, H,0 —30.00 + 0.01 —16.8° (=27.5) —23.0
—30.00”
—30.08 + 0.15°

(CH,),NH CH,0H —13.34 + 0.12 -139 -152

(CH,)NH CH,OH —13.30 + 0.01 —12.4 —-14.8

(CH,),NCH, CH,OH —10.02 + 0.01 114 —10.1

(CH,),NCH, CH,OH —10.38 + 0.06 -10.5 ~11.0
—10.38 + 0.03°

H,0 (CH,),NH —11.65 + 0.04 -12.7 -387

H,0 (CH,)NH —9.87 + 0.02 -89 -363

H,0 (CH,),NCH, —2.10 + 0.01 —24 -328

H,0 (CH,),NCH, —2.78 + 0.11 —-09 -333

CH,OH (CH,),NH —5.38 + 0.03 —6.0 —21.1

CH,OH (CH,),NH —4.87 + 0.01 —4.5 -20.0

CH,OH (CH,),NCH, —3.06 + 0.05 -35 -22.0

CH,OH (CH,)NCH, —3.30 + 0.11 -26 —22.1

“Assessed from the stabilization energies calculated by the DFT/B3LYP method; uncorrected values for water solvent obtained from eq 28, while
the values in parentheses corrected for the hydrophobic effect from eq 29. "Reference 3. “Reference 53. “Reference 2. “Reference 1.”Corrected for

the hydrophobic effect enthalpy (eq 7), equal to —10.7 kJ-mol™"
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Table S. Coeflicients a; of eq 8 for Temperature Dependences of Densities of the Mixtures of N-Methylpyrrolidine with Water
and of Pure N-Methylpyrrolidine in the Temperature Range 293.15—323.15 K, and Characteristics of the Fitting Quality &,

% ap X 10° a, x 10*
0.010 62 6.4802 27173
0.02021 12.3517 3.5208
0.03021 162210 4.4170
0.039 88 20.2049 53213
0.050 69 22.5517 5.7669
0.099 15 47.5642 8.1130
022828 96.2909 10.0043
0.299 37 117.7438 10.5229
0.398 80 141.5431 11.0019
0.497 93 162.4874 11.2869
0.599 75 180.7010 11.4906
0.699 17 195.6255 11.6649
0.803 96 209.4598 11.8754
0.902 07 220.3196 12.0502
1.000 00 229.4709 12.1564

a, X 10° a; x 10 3, X 10%/(g-cm™)
4.8635 —1.9840 2
47116 -19721 1
42744 —1.9944 2
3.4491 —1.6914 3
2.7693 —0.7853 2
1.1293 1.2794 1
1.7027 0.6299 1
1.9784 3
1.6729 0.8750 2
1.8227 0.3251 1
1.7331 0.6375 2
1.9037 2
1.6978 0.2082 1
1.5837 0.1728 0
1.2134 0.5381 2

4. EXPERIMENTAL RESULTS

4.1. Limiting Partial Enthalpies of Solution and the
Enthalpies of Hydrogen Bonding. Sixteen binary systems
were studied: pyrrolidine, piperidine, N-methylpyrrolidine, and
N-methylpiperidine in water and in methanol as well as water
and methanol in the four amines. Calorimetric titrations were
carried out for the solute concentration range in which the
molar enthalpies of solution were constant, i.e. the maximum
solute molality ranged from 13.2 to 113.5 mmol-kg™' for N-
methylpiperidine in water and water in N-methylpyrrolidine,
respectively. The raw results are reported in the Supporting
Information, Tables S3 and S4. Consequently, the limiting
partial molar enthalpies of solution could be calculated as the
arithmetic means of four to six experimental enthalpies of
solution for each binary system. These mean values with
standard deviations are reported in Table 4

Hydrogen bonding enthalpies were calculated by the
Solomonov’s method, using the following formula:*

}{A/Cdﬂz

(aR + bR V (ScavhS )

AgHYS = A HYS — A

soln soln

— (81 = o m)VE

cav cav Cl

A/S A/Cg¢H, S C¢H,
X [AsolnH A Asc::lnH o - (acavh t = 5cavI/l ¢ ]2)
A
Vchar] (2)
Here A HYS, A HY% A HYC": are the solution

enthalpies of solute A in solvent S, in standard solvent Sg,
and in cyclohexane, respectively; 8. h°, S, h%, and S, hCHe
are the specific relative cavity formation enthalpies for each
solvent and V. is a characteristic volume of solute A.>* §_, hS
is equal to the enthalpy of solution of linear alkane in the
studied solvent S divided by the characteristic volume Vcchﬁ“ of

the alkane:

CH,,,,/S
5 hS — AsolnH e
cav VCnH2n+Z

char

©)

This value reflects the breaking of the solvent—solvent van der
Waals interactions due to the dissolution of any solute
molecule. Consequently, it can be applied as a relative measure
of the solvent—solvent van der Waals interactions.

As in the previous study,’' two standard solvents Sy were
used: benzene for the proton acceptor solutes (ag = 0.20, by =
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0.38) and carbon tetrachloride for the proton donor ones (ag =
0.34, by = 0.61). Data necessary for the calculations of AypH™®
via eq 2 obtained in this study or reported in the
literature™* ™% are attached as Supporting Information,
Table SS.

The above formulas are valid provided the molecular state of
the solute is the same in the gas phase as in the solution. In this
study, we assumed that solutes are monomeric in both states.

Equation 2 is based on the idea that enthalpy of solvation of
solute A in solvent S can be represented by a sum of the
enthalpy of nonspecific solvation (van der Waals interaction
term) and the enthalpy of specific interactions which includes
contribution of donor—acceptor interactions, or a hydrogen
bonding term:

A

solv:

A/S _ A/S A/S
H - Ascolv(nonsp)I{ + Aint(sp)I{ (4)

In the case of water as a solvent, another contribution should be
considered, which represents the enthalpy of the hydrophobic
effect.’®™*% Consequently, the enthalpy of solvation of
nonelectrolyte solute in water is given by the following
equation:

A/S A/S A/S A
AsolvH = Asc»lv(nonsp)H + Ain‘((sp)H + Ah.eAH
()
Since
A/S A/S A
AsolvH = AsolnH - A%H (6)

where A§H” is the vaporization enthalpy of pure solute A, eq 2
could be transformed into eq 7 for the enthalpy of hydrogen
bonding in aqueous solutions:

AggHY® = A HYS — A HY Cefhe
= (B’ = S HCHYVA — (an + by o)
X (Ao HY % = A HY e — (5 i — 5 poHhe)
Vc?lar] - Ah.e.HA7 (7)

The enthalpy of hydrophobic effect is negative and
approximately the same for various molecules of alkanes and
their derivatives.””*” It was estimated for (=107 £ 1.5 kJ-
mol™!) for linear, cyclic and branched alkanes in water.” This
value was used in the assessments of the hydrogen bonding

DOI: 10.1021/acs.jpcb.6b10262
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enthalpies of the aliphatic amines in water reported in the
present work.

The enthalpies of hydrogen bonding calculated from eqs 2
and 7 are reported in Table 4. They should not be confused
with the energy of the solute—solvent hydrogen bonds, because
they result from both the formation and breaking of the
hydrogen bonds due to the solvation. Thus, they represent
enthalpy changes related to hydrogen bonding per 1 mol of the
solute in the infinite amount of the solvent.

4.2. Excess Molar Volume and lIsobaric Thermal
Expansion. Densities of binary mixtures of N-methylpyrroli-
dine with water were measured for the full range of mole
fractions in the temperature range 293.15—323.15 K. The
experimental results are reported in Supporting Information,
Table S6, with the number of significant digits corresponding to
the measurements resolution because of the requirements of
further calculations, especially those of the isobaric thermal
expansibility. Dependences of the density (p) on temperature
(T) were approximated by the following polynomials:

3
ln(p/g-cm_3) = —Z a(T/K — 298.15)’

i=0

(8)

with the regression coefficients a; obtained by the least-squares
method, which are reported in Table 5, along with character-
istics of the quality of fit:

5,= JZ (e = P/ (n = &)
j

)

Here n and k are the numbers of experimental points and of 4;
coefficients, respectively.

Since isobaric thermal expansibility is the temperature
derivative of the density logarithm, a, = — (0[In p] /OT)p, it
can easily be calculated from eq 8:

3
/K™= Y ia(T/K — 298.15) "
i=1

(10)

Excess molar volumes (VF) and excess molar isobaric thermal
expansions (EPE) were calculated from the thermodynamic
relationships:

2
Z- Y xz
=1 (11)

where Z =V or Z = E, x is the mole fraction, subscript i = 1 for
N-methylpyrrolidine and i = 2 for water, and superscript “°”
denotes pure substance. Molar volume and molar isobaric
thermal expansion are given by

ZE

2
V=) xM/p
i=1 (12)
and
E, = aV (13)

where M; is the molar mass. The experimental excesses are
reported in Supporting Information Table S7.

The dependence of excess molar volume on concentration
and temperature was approximated by the modified Redlich—
Kister polynomial:
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2 4
VE/(xlxz) = Z Z ai;Si(xz - x1)j

i=0 j=0

(14)

where § = T/K — 298.1S, and a; are regression coefficients.
Since the excess molar volume depends much stronger on
concentration than on temperature, conventional least-squares
fitting of eq 14 with a stepwise rejection of statistically
insignificant regression coefficients gave rather unreliable sets of
a;; coefficients, which was evidenced by significant differences
between E," values obtained directly from eq 13 and by the

P
temperature derivatives of eq 14:

E E
Ep = (dV /0T)p (15)

To overcome this difficulty, the fitting procedure was
performed in four steps: (i) provisional regression coefficients
were calculated for seven isotherms (approximately 293.15,
298.15, and so on up to 323.15 K); (ii) statistically insignificant
regression coeflicients were rejected on the basis of F-test
results; (iii) temperature dependences of the significant
coefficients were found to be parabolic; (iv) eq 14 with 12 a;
coefficients selected in the above manner was fitted to the
experimental excess volumes by the least-squares method. The
correlation coefficient was equal to 0.9994. The a; coeflicients
are reported in Table 6, and the V&_. (x,) curves are plotted

Table 6. Coeflicients of Eq 14 for the Excess Molar Volume*
of N-Methylpyrrolidine + Water in the Temperature Range
293.15—298.15 K at Pressure p = 0.1 MPa

j ag; X 10° a,; X 10° ay X 10'°
0 —7.5378 0.526 54 0.244
1 —2.8943 2.082 46 —1.862
3 —1.8846 —0.57132 —2.361
4 —22126 2.627 95 —-1.763

“VE in m*mol™

in Figure 4. A comparison of the excess molar thermal
expansions calculated according to eq 13 with the Redlich—
Kister polynomial derivatives eqs 14 and 1S are presented in
Figure S.

4.3, Speed of Ultrasound and Isentropic Compressi-
bility. Speeds of ultrasound, u, in dilute solutions of N-
methylpyrrolidine were measured in the temperature range
from 293.15 to 323.15 K, in § K intervals. Isentropic
compressibilities, kg, were calculated from the Laplace formula:

0.0 . .

05k i
5
E ot |
E
‘©
2 5 i
N

. 7=203.15K
20} o T=31315K -
0.0 02 0.4 0.6 0.8 1.0

Figure 4. Excess molar volume of binary system N-methylpyrrolidine
+ water. Points, experimental results; lines, eq 14.
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Figure 5. Excess molar isobaric thermal expansion of binary system N-
methylpyrrolidine + water at T = 298.15 K. Points, experimental
results; line, eq 15 with VE given by eq 14.

(16)

The results are reported in Table 7 and plotted in Figure 6.

4.4, Small-Angle Neutron Scattering (SANS). Neutron
scattering was recorded for five mixtures of N-methylpyrroli-
dine with D,O, with mole fraction x; ranged from 0.036 to
0.215, and for mixtures of pyrrolidine with D,O, for x; from
0.049 to 0.344. The coherent small-angle scattering signal
evidence that the studied mixtures are heterogeneous on the
nanometer length scale, similarly as those of N-methylpiper-
idine' and piperidine” with D,0.

Three solutions of lower N-methylpyrrolidine mole fraction
(%, 0.036, 0.047, and 0.071) show enhanced forward
scattering, which was successfully modeled by the Ornstein—
Zernike function for the concentration fluctuations:

Ks = (pu)™!

Iy

=0 4
1+ 48 ™

(17)
where g is the scattering vector, I, is the magnitude of the g-
dependent coherent forward scattering intensity at g = 0, & is
the correlation length of the fluctuations in the scattering length
density, and I, is the constant background term. Values of &,
calculated by the weighted least-squares method, are reported
in Table 8.

The scattering in solutions with N-methylpyrrolidine mole
fraction 0.095 and 0.215 was well-approximated by the
Teubner—Strey function, which describes a microphase
separated system with two characteristic lengths:*>®'

4.4+

= 7T=20315K
o T=29815K
] e T=303.15K
4340 o T=308.15K
: A T=31315K
A T=31815K
424 v T7=323.15K
‘©
o
EREE R S 1
b S s
404 g
3.9 . : : .

Figure 6. Isentropic compressibility of aqueous solutions of N-
methylpyrrolidine. Points, experimental results; lines, fitted empirical
equation kg = ko(1 — x;)/x; + kyx," + k,, where k; and n are the
regression coefficients.

I + 1

a+ c1q2 + c2q4 ¢ (18)

Here a, ¢}, and ¢, are fitting coeflicients related to the quasi-
periodic repeat distance D (or first neighbor distance) and the
decay length of the correlations £ by the following equations:

-1/2
Do W) _ o
2 4c, (19)
12 -1/2
£ = (a/e)”” &
2 4C2 (20)

The characteristic lengths D and ¢, calculated from g, ¢}, and ¢,
coeflicients obtained by the weighted least-squares method, are
reported in Table 8, and the scattering curves are plotted in
Figure 7. Unfortunately, the estimates of the a, ¢}, and ¢,
standard deviations did not converge in the calculations for the
mixture of x; = 0.2149. Thus, we assumed the uncertainties of
D and ¢ equal to those calculated for the mixture of x; =
0.0948. The nonlinear least-squares fit with user-defined loss
function module of Statistica 12 software®” was applied in the
calculations.

The Fourier transform of the scattering intensity, given by eq
18, yields the correlation function of the scattering length
density in the real space:®'

Table 7. Speed of Ultrasound in and Isentropic Compressibility of Dilute Solutions of N-Methylpyrrolidine in Water in the

Temperature Range 293.15—323.15 K

T/K
X 293.15 298.15 303.15 308.15 313.15 318.15 323.15
u/(m-s7t)
0.010 62 1513.76 1524.86 1534.25 1542.38 1548.93 1554.10 1557.97
0.020 21 1570.51 1574.75 1577.72 1579.46 1580.03 1579.52 1578.00
0.030 21 1596.42 1594.65 1591.97 1588.65 1584.68 1580.06 1574.79
0.039 88 1603.47 1597.43 1591.22 1584.80 1577.89 1570.69 1563.02
0.050 69 1602.23 1595.01 1587.65 1579.98 1572.13 1563.89 1555.18
kg X 10'°/Pa™
0.010 62 4.386 96 4.328 68 4.282 17 4.244 40 4.216 66 4.197 52 4.186 32
0.020 21 4.097 99 4.082 64 4.074 92 4.074 49 4.080 94 4.093 76 4.112 62
0.030 21 3.979 61 3.996 79 4.019 56 4.046 54 4.077 82 4.113 46 4.153 57
0.039 88 3.958 55 3.998 81 4.041 18 4.085 82 4.134 31 4.185 59 4.24079
0.050 69 3.973 05 4.020 38 4.069 76 4.122 06 4.176 70 4.234 92 429728
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Table 8. Quasi-Periodic Repeat Distance D, and the Decay Length of the Correlations &, in the Mixtures of N-Methylpyrrolidine

with D,0
%, 2 model D/nm £/nm
0.0357 0.1793 Ornstein—Zernike eq 17 - 0.306 + 0.014
0.0468 0.2244 Ornstein—Zernike eq 17 - 0.331 + 0.011
0.0706 0.3094 Ornstein—Zernike eq 17 - 0.322 + 0.012
0.0948 0.3819 Teubner—Strey eqs 18, 19 and 20 3.09 + 0.14° 0443 + 0.021°
0.2149 0.6176 Teubner—Strey eqs 18, 19 and 20 2.16 + 0.14° 0.563 + 0.021°

“Volume fraction of N-methylpyrrolidine. bUncertainty estimated from standard deviations of the coefficients 4, ¢}, and ¢, in eq 18 “Approximate

uncertainty assumed to be equal to that assessed for the mixture of x,

0.0948

x,=0.2149
e
o
= x,=0.0948
x,=0.0706
x, =0.0468
‘ x,=0.0357
04 06 08 1 2 3 4 5
g/ nm’
0.08 "
i
! ---- x,=0.0466
0.06 )
0.04
=
N
0.02
0.00
-0.02

r/nm

Figure 7. (Top) SANS curves for N-methylpyrrolidine + D,O
mixtures at T = 298.15 K. Points, experimental results; lines,
Ornstein—Zernike eq 17 for x; = 0.0357, 0.0468, and 0.0706, and
Teubner—Strey eq 18 for x; = 0.0948, and 0.2149. (Bottom) Real-
space correlation functions eq 21 (two lines are omitted for the clarity

of presentation).
(%)
¢ (21)

In mixtures of protiated organic molecules with heavy water,
the scattering length density correlates with the local
composition on the nanometer length scale. Assuming that
the mixture consists of two phases—aggregates, rich in solute,
and the solvent phase containing less solute molecules—the
minimum of the correlation function reflects the characteristic
distance between the two dislike domains, and the following
maximum shows the probable separation between the similar
domains, as illustrated in Figure 7. The characteristic distance
between the aggregates is seen to be about 2.5 nm, for the
highest amine concentration x, = 0.2149, and only a shallow
minimum is seen for x; = 0.0948. For the concentrations x; <
0.0706, the correlation function is an exponential decay,
characteristic of random concentration fluctuations. It can be
noted, that although we used here eqs 17 and 18 to calculate
the correlation function, the perfect agreement between the

sin(27zr/D)
— X e
27r/D

y(r) =
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models and the data implies that the resulting correlation
functions are nearly model-independent, and reflect the true
structure of the studied mixtures, with the usual limitations
inherent to the SANS technique.

Contrary to aqueous solutions, seven mixtures of N-
methylpyrrolidine with CD;OD (x; range from 0.021 to
0.538) show the scattering intensity independent of the
scattering vector. The mixtures of pyrrolidine with D,O show
the coherent small-angle scattering signal for x; from 0.049 to
0.344. However, the results obtained in this experiment proved
to be insufficient for reliable model fitting because of the weak
coherent scattering signal.

5. DISCUSSION

Limiting partial molar enthalpies of solution could be estimated
from the theoretically calculated aggregation energies applying
an approach similar to that suggested in the earlier work." The
approach is based on the following assumptions: (i) the
formation of the solute—solvent cross-associates and breaking
of the molecular aggregates which occur in pure liquids are
revealed in the enthalpy of solution, (ii) the solute molecules
are solvent-separated one from another at infinite dilution, (iii)
energies of binary molecular interactions are sufficient to
account for the enthalpy effects of solution and co-operative
effects are not considered. Consequently, a series of chemical
reactions can be suggested for the solution and the overall heat
effect can be calculated according to Hess” law. Obviously, the
model is considerably simplified mainly due to the assumption
iii, which is appropriate for gases rather than for liquids. It could
be expected that more sophisticated models with multiple
interactions will give better results. On the other hand, they
have to account for more than just one physicochemical
property of the mixture.

5.1. Dissolution of the Amines in Methanol. Exother-
mic effects of dissolution in methanol can be explained by the
formation of 1:1 complexes according to the following chemical
reaction:

AH, AH,
(CH,OH), + RN — CH,0OH + RN — CH,OH---NR
(22)
where subscript “b” denotes “bonded molecule” which is
incapable of acting as a donor of proton, because the latter is
already involved in hydrogen bond between two methanol
molecules. Since molecules of methanol may form chains of
different length or even closed loops in pure liquid phase,” the
enthalpy change AH, can be estimated in the manner
suggested in our previous work.”' Only free hydroxyl group
of the alcohol molecule (i.e., the terminal one in a chain) is
capable of O—H:--N bonding with the amine molecule. Energy
equal to kAE[(CH;OH),] per 1 mol of pure methanol must be
supplied for its complete dissociation, i.e., the transformation
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into isolated CH;OH molecules. Here, AE[(CH;0H),] is
given by eq 1, and the coeflicient k is related to the average
association number of bulk methanol n by the following
formula:

k=(n-1)/n (23)

Here n = 2 for dimers, n = 3 for trimers, efc., up to n = co for
the chains of infinite length and cyclic aggregates without side
branches. Thus

AH, = kAE[(CH,0H), ] (24)

where 0.5 < k < 1.

The enthalpy change due to the formation of the cross-
associates (complexes) can be approximated by the negative
stabilization energy of the methanol—amine complex:

AH, = — AE[RN-CH,OH] (25)
Here AE[RN-CH;O0H] is defined by eq 1. Eventually
AH = AH, + AH,
= kAE[(CH,0H),] — AE[RN-CH,OH] (26)

Enthalpies AH estimated by the above method from the
DFT/B3LYP energies were collected in Table 4. Data for N-
methylpiperidine were taken from the previous work." Since
AE[(CH;0H),] was not calculated by the DFT/B3LYP
method, the MP2 value of 15.7 kJ-mol™' was used in the
calculations. The agreement with the experimental enthalpies is
fairly good assuming k = 0.5 for the DFT/B3LYP and B2PLYP
energies, while k = 1 is suitable for the MP2 ones. This
discrepancy evidence that association numbers n, which
determine the k values, can be assessed only roughly from eq
26.

The good agreement was achieved in spite of the neglected
effects of the N—H:---N bonds breaking upon the solution of
pyrrolidine and piperidine in methanol. Indeed, pure
pyrrolidine and piperidine are associated liquids due to these
bonds, as is evidenced by relatively high stabilization energies of
the dimers especially in comparison with those for N-
methylpyrrolidine (Tables 1 and 2). The aggregates in pure
liquids are probably remnants of the N—H---N bonded chains
in pyrrolidine'>'® and piperidine'* crystals. In crystalline
hydrates of pyrrolidine, however, N—H---O bonds occur beside
the stronger O—H:-N bonds.”' The former may be present in
the liquid solutions in methanol, the more so because there is
just one hydrogen atom in methanol molecule capable of
forming O—H:--X bonds, while two such atoms are in that of
water. Thus, the positive enthalpy of the N—H:-N bonds
breaking upon solution would be compensated by the negative
effect of the N—H--O bonds formation. Consequently, a
reliable separation of the two shares in the limiting partial
enthalpy of solution is impossible in the present approach. That
explains also why absolute values of the specific interaction
enthalpies of methanol with pyrrolidine and piperidine are
higher than of those involving the N-methyl-substituted
derivatives. Similar differences, although smaller, are in the
values of the limiting partial molar enthalpies of solution (cf.
Table 4).

5.2. Dissolution of the Amines in Water. The limiting
partial enthalpies of solution of the four amines in water are
from two to three times bigger than those in methanol (Table
4), in spite of lower stabilization energies of the complexes with
water (cf. Tables 1 and 2, and ref."). Differences between the
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energies for complexes with water and methanol range from 7%
(N-methylpyrrolidine, DFT/B3LYP) to 18% (piperidine,
MP2). The concentration of free hydroxyl groups seems to
be higher in pure water than in methanol, because each
molecule of water has two protons able to participate in
hydrogen bonds, while just one such proton is in that of
methanol. Consequently, the complex formation would not
require breaking of the O—H:--O bonds between water
molecules, and the following chemical reaction may be
sufficient to describe this process:

AH
H,0 + RN — HOH---NR

(27)
Here
AH = —AE[RN-H,0] (28)

where AE[RN-H,0] is defined by eq 1. The chemical formula
H,O0 in eq 28 is not to be confused with free, i.e., “monomeric”
water molecule. It is sufficient that the molecule has one free
proton capable of hydrogen bonding. Note that the DFT/
B3LYP stabilization energies are close to the thermodynamic
values of the hydrogen bonding enthalpies in aqueous solution
(cf. Table 4). The difference is about 1 kJ-mol™" for pyrrolidine
and piperidine and about 4—S kJ-mol™' for the methyl
derivatives. Consequently, the solution enthalpies of the amines
in water assessed form the DFT/B3LYP energies via eq 28
significantly differ from the measured solution enthalpies,
because the strengthening of the water—water O—H---O bonds
in the vicinity of the O—H:--N ones has not been considered in
the calculations. The differences are 6.6, 8.6 12.4, and 13.2 kJ-
mol™ for pyrrolidine, piperidine, N-methylpyrrolidine and N-
methylpiperidine, respectively. As suggested by the AyH*S
values reported in Table 4, the effects would be bigger for the
methyl-substituted derivatives, which are more hydrophobic
than their nonsubstituted counterparts. The mean difference of
10.2 kJ-mol™" is in perfect agreement with the A, H* value
estimated by the thermodynamic method for (—10.7 + 1.5) kJ-
mol ™% Thus, eq 25 could be modified, by analogy with egs 2
and 7, as follows:

AH = —AE[RN-H,0] + A,  H* (29)

where A, H* = —10.7 k] mol™". The limiting partial molar
enthalpies of solution of the four amines in water, calculated
from eq 29, are in good agreement with the experimental data
(cf. Table 4).

5.3. Dissolution of Methanol in the Amines. Dis-
solution of methanol in pyrrolidine, piperidine, N-methyl-
pyrrolidine and N-methylpiperidine may be discussed in terms
of chemical reaction given by eq 22. The only difference is that
methanol aggregates dissociate completely, and individual
methanol molecules are separated one from another by the
amine solvent. Consequently, k coeflicient in eq 26 would be
close to 1. A comparison of the limiting partial enthalpies of
solution estimated in this manner with k = 1 with the
experimental values, evidence that the DFT/B3LYP energies
lead to almost quantitative agreement (Table 4). The
agreement for MP2 and B2PLYP energies is qualitative—in
both cases, an exothermic effect of dissolution is predicted.

5.4. Dissolution of Water in the Amines. Slightly more
complicated model accounts for the observed limiting partial
enthalpies of solution of water in the four amines. Similarly as
for the dissolution of methanol, the individual molecules of
water are assumed to be solvent-separated in the solution.
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Thus, the dissolution consists in “monomerization” of water
followed by the cross-association

AH, AH.
(H,0), + mRN — H,0 + mRN — (RN),,-H,0
(30)

where

AH, = 2AE[(H,0),] (31)
upon the assumption that two hydrogen bonds must be broken
to release one water molecule, and

AH, = —mAE[(RN),-H,0] (32)
where AE[(H,0),] and AE[(RN),,-H,0] are defined by eq 1,
with m = 1 and m = 2 for the formation of 1:1 and 2:1 amine—
water complexes, respectively. Thus:

AH = 2AE[(H,0),] — mAE[(RN),,-H,0] (33)

Steric hindrance for hydrogen bonding constituted by methyl
group at the nitrogen atom causes that the average ratio of
amine to water molecules is probably lower for the complexes
with methyl substituted amines. Indeed, the limiting partial
enthalpies of solution calculated from the DFT/B3LYP
energies remain in good agreement with the experimental
results for m 1.5 for N-methylpyrrolidine and N-
methylpiperidine and m = 1.9 for pyrrolidine and piperidine
(cf. Table 4). Slightly different values of m were estimated from
the MP2 energies: 1.2 and 1.5, and from the B2PLYP energies:
1.3 and 1.7, respectively. The discrepancies in the m values
obtained from different energies seem to be acceptable taking
into account considerable uncertainties in the stabilization
energies. For example, estimates of the binding energy of
(H,0),, are rather scattered, e.g., 9.5 kJ-mol™ * and 12.17 kJ-
mol™,** obtained by the MP2 method with BSSE and ZPE
corrections. Experimental method of velocity map imaging and
resonance-enhanced multiphoton ionization gave the value of
13.2 + 0.12 kJ-mol ™", which was in perfect agreement with that
calculated at the CCSDT(T)/aug-ccpVTZ level of theory.*®
Independently of the theoretical energies applied in the
calculations (DFT/B3LYP, B2PLYP, or MP2), the values of
m for the two secondary amines are by 25—30% higher than
those for the two tertiary ones.

5.5. Correlation of the Calculated Enthalpies with the
Experimental Values. Correlation of the experimental
limiting partial molar enthalpies of solution with those based
on the DFT/B3LYP theoretical estimations is satisfactory,
which is evidenced by the correlation coefficient r = 0.990 for
the regression equation:

~
~

AH(theor) = aA g*s (34)

soln

with a = 1.01 & 0.03. An illustration is given in Figure 8. Thus,
mainly binary interaction energies influence the limiting
enthalpies of solution for the amines in methanol and vice
versa, as well as for water in the four amines. However, the
hydrophobic hydration must be considered in the case of
dissolution of the amines in water.

5.6. Mixtures of Finite Concentrations: Small-Angle
Neutron Scattering, Thermodynamic Excess Functions,
And Isentropic Compression. The discussion of enthalpies
dealt with infinitely dilute solutions. Molecular aggregation due
to hydrogen bonds is manifested in the properties of mixtures
at finite concentrations.
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Figure 8. Correlation of the experimental limiting partial molar
enthalpies of solution with the DFT/B3LYP-based theoretical
estimations.

Aqueous solutions of N-methylpyrrolidine with mole fraction
up to 0.071 show enhanced forward scattering which was
successfully modeled by the Ornstein—Zernike type of
scattering function (Figure 7), similarly to those of N-
methylpiperidine.' Such scattering is typical of concentration
fluctuations.®* ™% At higher concentrations of N-methylpyrro-
lidine, for x; = 0.094 and 0.215, the scattering curves gradually
change their form from a Lorentzian centered at zero scattering
angle, to a distinct interference peak at a finite angle. This shape
is well-known in SANS data on microemulsions consisting of
surfactant-separated water and oil phases. In the present case,
however, in the absence of fully hydrophobic molecules, and in
accordance with the amphiphile character of N-methylpyrroli-
dine, the solutions are seen to be microphase separated on the
molecular level, with a characteristic interdomain distance of
about 2 nm. A possibly similar picture of structural organization
has been demonstrated recently in computer simulations of
concentrated TBA—water solutions by Perera et al, who
introduced the concept of molecular emulsions for aqueous
mixtures of small organic molecules, exhibiting structural
heterogeneitzr, which is distinct from statistical concentration
fluctuations.””~"" Similar scattering curves of the Teubner—
Strey form were also reported for the solutions of piperidine in
D,O0, for the amine mole fraction range from 0.044 to 0.588.%
Thus, a propensity to molecular segregation on the nanometer
scale in the aqueous solutions of the studied amines decreases
in the following order: piperidine > N-methylpyrrolidine > N-
methylpiperidine. The segregation in the solutions of
pyrrolidine is probably stronger than in those of piperidine.

Unlike in aqueous solutions, the neutron scattering intensity
is independent of the scattering vector for the solutions of N-
methylpyrrolidine in deuterated methanol, evidencing that the
latter are homogeneous in the nanometer-length scale. Similar
result was obtained for N-methylpiperidine in methanol." That
supports the idea of amine—water complexes aggregation due
to hydrogen bonds between the hydration water molecules
sketched in Figure 9, similar to that suggested for aqueous
solutions of pyridine and its methyl derivatives.**

Certainly, substitution of H,O by D,0O in binary mixtures,
necessary for technical reasons in SANS experiments, changes
somewhat the enthalpy—entropy balance because deuterium
bonds are stronger than protium ones; the O—D--O bond
energy in pure water is higher than the O—H:--O one by 929 J-
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Figure 9. O—H:-O bond between hydration water molecules
suggested to account for the aggregation of N-methylpyrrolidine—
water complexes.

mol™,”* and the stabilization energies of the studied complexes
of amines with D,0 are by ca. 1 kJ-mol™" (i.e,, 7—8%) higher
than of those with H,O (cf. Table 1). However, the enthalpies
of mixing, in which multimolecular interactions are revealed, are
probably approximately independent of the isotopic composi-
tion of water at least at temperatures and pressures sufficiently
distant from that of the critical decomposition, as was
confirmed experimentally for binary mixtures of methylpyridine
isomers with water.”” Consequently, similar molecular
aggregates probably occur in the mixtures with H,O and D,O.

X-ray diffraction and Raman spectroscopy studies of solids
evidenced that pyrrolidine hexahydrate forms semiclathrates in
which single pyrrolidine molecule is O—H-"N and N—H--O
bonded to water polyhedron enclosing its hydrophobic part.”!
Such clathrate-like structures may occur in liquid aqueous
solutions of pyrrolidine and of the three other amines. This
generalization is justified by the fact that piperidine and N-
methylpiperidine form solid clathrate hydrates of type sII** and
sH,' respectively, in the presence of methane at elevated
pressures. Obviously, the reinforcement of water structure
would be particularly significant in the vicinity of nitrogen atom
due to cooperative effects. This probably leads to high
exothermic effects of hydrogen bonding upon solution reported
in Table 4.

An important difference between solid clathrates and
clathrate-like structures in liquids consists in significant
disruption of water polyhedra in the latter. With increasing
temperature, the hydrogen-bonded network gradually decays
that may lead to phase separation, as in the N-methylpiper-
idine—water system which shows lower critical solution
temperature (LCST) of 316.7 K at the amine mole fraction
0.06 + 0.01' (LCST 315 K at 0.07’*). The O—H---O bonds
that are farther from the O—H---N ones break as the first, while
the water-amine complexes remain still linked one to another
by the hydrogen bonds between water molecules. An increase
of the amine concentration in mixtures with water may also
cause breaking of the clathrate-like polyhedra. That would lead
to microheterogeneities in the mixture, manifested in the
intensity of small-angle neutron scattering in aqueous solutions
of N-methylpyrrolidine (Table 8), piperidine,” and N-
methylpiperidine." Coherent small-angle scattering signal
obtained in our preliminary studies of pyrrolidine in D,O,
not reported in this work because of rather low quality results,
suggested that these mixtures were also heterogeneous on the
nanometer length scale.

Negative excess molar volume of the system N-methyl-
pyrrolidine—water is approximately equal to that of N-
methylpiperidine—water and distinctly bigger than those of
pyrrolidine—water and piperidine—water systems (Figure 10).
That is in spite of slightly lower stabilization energies of the 1:1
amine—water complexes for methyl-substituted amines in
comparison with the nonsubstituted ones (cf. AEggsp,zpp
values reported for pyrrolidine and N-methylpyrrolidine in
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Figure 10. Excess molar volumes of binary mixtures of pyrrolidine,® N-
methylpyrrolidine (this work), piperidine,” and N-methylpiperidine’
with water at T = 298.15 K. Points, experimental results; lines, eq 14
for the system with N-methylpyrrolidine and an empirical function” for
that with piperidine. Curves for the two other systems were omitted
for the picture clarity.

Table 1, and those of 17.5, 21.9, and 20.3 kJ-mol™' for
piperidine and 16.8, 24.0, 20.0 kJ-mol™" for N-methylpiperidine,
calculated by the DFT/B3LYP, MP2 and B2PLYP, respec-
tively)."” Substantial difference between the excess volumes of
binary mixtures of water with nonsubstituted and methyl-
substituted amines is probably due to breaking of the amine—
amine N—H--N bonds that accompanies dissolution of the
former. This undoubtedly causes an increase of the volume
which partially compensates for its decrease due to the
formation of the O—H-N bonds. Differences in the excess
volumes may also be attributed to the differences in shape of
the molecules, which result in various packing of the molecules
in pure liquids and solutions. The size of molecules seems to be
less important, as the excesses for the five- and six-membered
ring compounds belonging to the same subcategory of
secondary or tertiary amines do not differ one from another.

Excess molar thermal expansions of binary systems
pyrrolidine—water (calculated from the excess volumes
reported by Alvarez et al)’ and N-methylpyrrolidine—water
(measured in this study) are positive in the amines mole
fraction range from ca. 0.025 to 0.6. In this respect, they differ
from those of the mixtures of piperidine” and N-methylpiper-
idine' with water, which show positive EpE values in the whole
concentration range except for the mole fractions below 0.015
(Figure 11). The negative E,” at low «, is most probably due to
structures formed by hydrogen-bonded water molecules around
the amine ones. Analysis of well-known thermodynamic
relationship

E;:‘ = —(()SE/OP)T (35)
where S® is excess entropy, supports that supposition. The
hydration polyhedra would be gradually destroyed with
increasing pressure (similarly as the structure of ice Ih in the
pressure-induced melting of water), that would effect in the
increase of entropy exceeding that for thermodynamic ideal
mixture. Consequently, (9S*/dp)r > 0 and E,* < 0.

Positive excess molar expansion at concentrations x; above
0.015 for piperidines and above 0.025 for pyrrolidines (Figure
11), ie., (0S¥/dp);r < O suggests that pressure favors
aggregation of XN-H,0O complexes through O—H:--O bonds
between the hydration water molecules. Microheterogeneities
in the liquid may expand and, eventually, the system may split
into two phases at sufficiently high pressures. Such pressure-

DOI: 10.1021/acs.jpcb.6b10262
J. Phys. Chem. B 2017, 121, 3070—3086


http://dx.doi.org/10.1021/acs.jpcb.6b10262

The Journal of Physical Chemistry B

T T

-- piperidine AB L
-- Abmethylpiperidine e

-- pyrrolidine A2

-- A-methylpyrrolidine

«ep o

IN
T

£510° (m*mol-Pa’)
N

[=)

2
0.003

Figure 11. Excess molar isobaric thermal expansions of binary
mixtures of pyrrolidine (calculated from the excess volumes reported
in ref 5), N-methylpyrrolidine (this experiment), piperidine,” and N-
methylpiperidine’ with water at T = 298.15 K.

induced phase splitting was reported for binary aqueous
solutions of 2-, 3-, and 4-methylpyridine.”

The excess molar expansion of N-methylpyrrolidine-rich
mixtures (x; > 0.6) is approximately equal to zero at T = 298.15
K. At the same concentration range, EpE of pyrrolidine—water
system is negative (Figure 11). Similar difference in the E,°
values was observed for the mixtures of N-methylpiperidine'
and piperidine,” although EpE was positive for these two
systems. Thus, the contribution of methyl group to the excess
molar expansion is positive: EPE(CH3) > 0, and (0S¥(CH;)/
dp)r < 0 (eq 32). Unfortunately, we cannot suggest a reliable
explanation of this fact at the present stage of our studies.

Hydrogen-bonded structures affect the isentropic compres-
sibility (k) of the studied aqueous solutions in a manner typical
of aqueous solutions of amines. The k(x;) isotherms plotted in

Figure 6 cross each other in narrow range of concentrations,
similarly as those of binary solutions of pyridine and its methyl
derivatives in water.”°"*" Thus, the compressibility is
approximately independent of temperature for the mixtures
within this concentration range: k¢(T) = const. This
phenomenon could be explained in terms of temperature
effects on instantaneous and structural compressibilities of a
liquid. Studies of ultrasonic relaxation in pure water led to the
conclusion that compressibility is determined by two factors:
(i) instantaneous compressibility, k,, due to change of
intermolecular distances and to intrinsic compressibility of
molecules, characterized by very short relaxation times, and (ii)
structural compressibility, K, due to disruption of hydrogen-
bonded dynamic structures of water,”’ with much longer
relaxation time of the picoseconds order of magnitude:**

Although originally suggested for water, eq 36 was also applied
to explain the temperature-independent compressibility of
dilute binary aqueous solutions of nonelectrolytes in terms of
clathrate-like structures in liquids.””** Further studies evi-
denced that this independence, i.e., the xg(T) = const.
relationship, for the mixtures with the cavities in the framework
of water filled up by the solute molecules is an approximate
one, and the k4(T) functions are rather slightly convex
downward in the vicinity of minimum.”*”””? That results
from counteracting effects of temperature on the instantaneous
and structural contributions in compressibility. The contribu-
tion due to instantaneous compressibility increases with
increasing temperature because of increased intermolecular
distances, while that of the structural one decreases due to
disintegration of the hydrogen-bonded structures. Thus, the
compressibility of “predominantly structured” solutions de-
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Figure 12. Isentropic compressibility of aqueous solutions of pyrrolidine,® piperidine (circles, ref 2; diamonds, ref 6), N-methylpyrrolidine (this
work), and N-methylpiperidine." Points, experimental results; lines, fitted empirical parabolas. Nearly flat functions are marked with filled symbols.
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creases with temperature. If the two effects cancel each other
out, compressibility becomes independent of temperature; i.e.,
its temperature derivative is zero. It is illustrated by the flat
ks(T) curves for aqueous solutions of pyrrolidine, N-
methylpyrrolidine, piperidine and N-methylpiperidine plotted
in Figure 12. As seen in Figure 13, the (xy, k5) coordinates of T
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- 410
©
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Qg 4.05 -
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Figure 13. Interpolated coordinates of the kg(T = const, x,) minima
for aqueous solutions of pyrrolidine, piperidine, N-methylpyrrolidine,
and N-methylpiperidine.

=298.15 K and T = 308.15 K isotherms minima, interpolated
from the experimental results, shift toward lower amine
concentrations with increasing size of the solute molecule.
Indeed, the bigger the solute molecule, the larger is the number
of water molecules necessary to enclose it within the hydrogen-
bonded network. Consequently, the hydrogen bonds density
(ie, the number of these bonds per unit volume of the
solution) is lower, and the compressibility is higher. Since at
least three of the four compared amines form clathrate
hydrates,ls’20 or semiclathrates” in the solid state, it seems
reasonable to conclude that compressibility is another
thermodynamic property, apart from the excess expansion, in
which dynamic clathrate-like structures in dilute aqueous
solutions are revealed.

It should be stressed, however, that the formation of
clathrate-like hydration polyhedra around nonpolar moieties
of the solute molecules suggested in this work is not a general
rule for dilute aqueous solutions. On the contrary, an
arrangement of water molecules in hydrogen-bonded network
depends strongly on size and shape of the solute molecules, as
well as on the charge distribution. For example, electrostatic
repulsion predominates for tetraalkylammonium cations with
short hydrocarbon chains that leads to monomolecular
dispersion in aqueous solutions, while hydrophobic aggregation
occurs for those with longer chains.*” Attempts have been
undertaken to correlate the size of hydrophobic parts of
molecules belonging to the same class of chemical compounds
with the enthalpies of solution. Heat effects of solution of
tetraalkylammonium salts are correlated with the chain length
for cations with short hydrocarbon chains, while rather with the
volume for those with longer ones. Thus, accommodation of
hydrophobic units of a moderate size creates excluded volume
without disrupting water structure, since water—water hydrogen
bonding simply goes around the solute. In contrast, very large
hydrophobic objects appear to disrupt the H-bond network of
water inducing depletion of solvent density near the apolar
surface.””
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6. CONCLUSIONS

The amines studied, piperidine, pyrrolidine, N-methylpiper-
idine, and N-methylpyrrolidine, form hydrogen-bonded com-
plexes with water and methanol. Limiting partial molar
enthalpies of solution of water and methanol in the four
amines as well as the amines in methanol were assessed using a
simple “chemical reaction” model, which required just binary
molecular interactions energies, calculated theoretically by
quantum chemical methods. The assessed values proved to
be very close to the experimental enthalpies (Figure 8),
although the average association numbers depended on the
theoretical method by which the binary interactions energies
were calculated: MP2, DFT/B3LYP, or B2PLYP. Nevertheless,
the association numbers exhibited regularities independent of
the theoretical method. The four amines probably form 1:1
cross-associates with methanol, independently of which one of
the mixture components is the solvent, while RN-H,O and
(RN),-H,O cross-associates occur in infinitely diluted solutions
of water in the amines. The amine—water cross-association
equilibrium is shifted toward (RN),-H,O in the pyrrolidine and
piperidine solvents. Methyl group at the nitrogen atom of the
ring constitutes a steric hindrance that makes formation of
hemihydrates less favorable because of restricted rotation of the
amine molecules around the O—H---N bonds. Another reason
is slightly lower association energies of the complexes of water
with methyl-substituted amines (Table 1). In spite of the lower
energies, the volume contraction on mixing with water is bigger
for N-methylpyrrolidine and N-methylpiperidine than for their
nonsubstituted counterparts (Figure 10). That is most probably
because the N—H--'N bonds in neat pyrrolidine and piperidine
break on the formation of O—H:--N bonded cross-associates
with water. Different shapes of secondary and tertiary amine
molecules may also affect the excess volumes, while the
differences in size are probably less important, as the excess
does not depend on the number of methylene groups in the
amine ring.

The “chemical reaction” model involving binary molecular
interactions is too simple to account for highly exothermic
effects of dissolution of the amines in water. Thus, empirical
contribution due to hydrophobic hydration was considered in
the estimations of the limiting partial molar enthalpies of
solution, along with the binary molecular interactions energies
calculated by quantum chemical methods. In this manner, very
good agreement of the assessed enthalpies with the calorimetric
results was achieved.

The hydrophobic hydration probably consist in the
formation of dynamic structures resembling those of solid
semiclathrate hydrates in dilute aqueous solutions of amines.
Thus, the solvent-separated arrangement of the solute
molecules predominates at very low concentrations. With
increasing amine concentration, the structures gradually decay
and the systems become heterogeneous in the nanometer-order
length scale, as results from the SANS experiments. This
aggregation probably involves hydrogen bonding between
hydration water molecules (Figure 9). Depending on the
concentration, either just concentration fluctuations occur in
such solutions, or microphase separated systems with two
characteristic lengths arise. The propensity to microseparation
is negatively correlated with the size of the solute molecules and
it increases in the following order: N-methylpiperidine < N-
methylpyrrolidine < piperidine < pyrrolidine.
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