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ABSTRACT: Densities (p) of N,N'-hexamethylenebisacetamide (HMBA) in pure water and aqueous glucose and sucrose
solutions have been measured at T = (288.15, 293.15, 298.15, 303.15, and 308.15) K with a quartz vibrating-tube densimeter. These
experimental data have been used to calculate some important physical parameters, including apparent molar volumes (V;,), limiting
partial molar volumes (V$), and transfer partial molar volumes (Atrng). Another physical parameter, molar refraction at the
sodium-D line (Rp), has been computed from the refractive index (np) measured by a refractometer at 298.15 K. The variations of
all above parameters are discussed in terms of interactions occurring in the solutions.

B INTRODUCTION

Volumetric properties of solute in aqueous solutions are of
importance to elucidate the physicochemical phenomena oc-
curring in simulated body fluids. Volumetric properties, such
as limiting partial molar volumes, can provide valuable infor-
mation and lead to a deeper understanding of intermolecular
interactions."” Additionally, the refractive index is another
thermodynamic parameter to illustrate the interactions in
aqueous system.3’4

N,N'-Hexamethylenebisacetamide (HMBA), an efficient po-
lar differentiation-inducing agent, has been proved to inhibit the
proliferation and induce the differentiation of many kinds of
cancer cells.® Researchers have show much attention to HMBA
and have done plenty of studies on it because of its revulsive
function.” Although saccharide solutions are important sub-
stances in biosystem, there is no systematic research, to the best
of our knowledge, based on volumetric properties and the
refractive index of HMBA in aqueous glucose and sucrose
solutions. In this paper, we report the densities (p) and refractive
indices (np) of HMBA in aqueous glucose and sucrose solutions
[from (0 to 0.8000) mol-kgfl] at different temperatures [from
(288.1S to 308.15) K]. The values are used to compute apparent
molar volumes (V,), limiting partial molar volumes (Vg),
transfer partial molar volumes (AtrquO,) , and molar refraction at
the sodium-D line (Rp). All of these parameters are discussed in
terms of solute—solvent and solute—solute interactions occur-
ring in the HMBA + glucose or sucrose + water systems.

B EXPERIMENTAL SECTION

Materials. N,N'-Hexamethylenebisacetamide (HMBA) is ob-
tained from Acros with the mass fraction better than 0.98.
Sucrose is an analytical reagent with mass fraction > 0.99, which
is purchased from Tianjin Kermel Chemical Reagent Company
(Tianjin, China). Glucose is a product of Aladdin Chemistry Co.
Ltd. (Shanghai, China) whose purity is better than 0.99. All of the
reagents were stored over P,O5 in a vacuum desiccator for 72 h at
room temperature prior to use without further purification.
Twice-distilled water was used in the experiment.
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Table 1. Comparison of Experimental Density (p) and Re-
fractive Indices (n,) with Literature Values at Different
Temperatures

p (g-em>) np
T (K) exptl. lit. exptl. lit.
pure water
288.15 0.999107 0.999099°
293.15 0.998207 0.998203°
298.15 0.997047 0.997043% 1.3320 1.3325"°
303.15 0.995649 0.995645°
308.15 0.994030 0.994029°

water + glucose (0.2 mol-kg ")
298.15 1.010377 1.010386""

water + glucose (0.8 mol-kg )
298.15 1.047272 1.046847"!

water + sucrose (0.1 mol-kg ")

298.15 1.009966 1.009900"*

water + sucrose (0.2 mol-kg ")

298.15 1.022084 1.022120"

Solutions Preparation. Solutions of different concentrations
were prepared by weight using a Mettler Toledo AG 135
analytical balance with a precision of £ 0.01 mg. Stopperd glass
cuvettes were used to avoid evaporation of solutions in the
experiment. Besides, all liquids were degassed with ultrasonic
waves and used within 12 h of preparation.

Density Measurements. Densities were measured with a
quartz vibrating-tube densimeter (Anton Paar DMA 5000) ther-
mostatted to = 0.001 K. The precision of the instrument was
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Table 4. Transfer Partial Molar Volumes (Atrng) of HMBA in Aqueous Glucose and Sucrose Solutions at T = (288.15, 293.15,

298.15, 303.15, and 308.15) K

A‘rng, cm®-mol !

Msolvent
mol-kg ' 288.15 K 293.15 K 298.15 K 303.15 K 308.15 K
glucose
0.0500 0.17 & 0.06 0.16 + 0.06 0.13 & 0.06 0.10 = 0.05 0.14 & 0.08
0.1000 027 4 0.11 0.24 + 0.10 022 +0.13 0.18 & 0.08 0.17 4 0.06
0.2000 0.38 4 0.10 0.36 & 0.10 0.26 4 0.09 0.22 4 0.07 0.24 4 0.07
0.3000 1.08 + 0.12 1.04 + 0.12 0.92 4 0.10 0.83 & 0.09 0.96 + 0.09
0.5000 1214+ 0.12 125+ 0.13 135+ 0.14 1.09 + 0.12 111 +0.11
0.8000 2.73 4+ 0.19 2.63 4 0.17 2,65+ 0.18 237 4 0.16 238 4+ 0.15
sucrose
0.0500 0.18 4 0.09 0.18 & 0.08 0.17 4 0.09 0.14 & 0.07 0.17 & 0.06
0.1000 0.29 4 0.10 0.29 4 0.08 0.21 4 0.09 0.19 & 0.07 0.21 4 0.08
0.2000 0.39 4 0.12 0.37 & 0.10 0.32 4+ 0.10 0.26 & 0.09 0.31 4 0.08
0.3000 1124012 1.14 +0.13 111 +0.12 1.01 +0.10 1.09 + 0.10
0.5000 2.87 4+ 0.17 2.88 4 0.17 2824 0.16 2.72 4 0.14 2.79 4 0.12
0.8000 5.11 4 041 525 4 039 5.18 4 0.39 5214035 5234035
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Figure 1. Variation of limiting partial molar volume of HMBA (Vg)
versus the molality of glucose in aqueous solution at T = 288.15 K (M),
293.15 K (@), 298.15 K (A), 303.15 K (A), and 308.15 K (V). (Since
the tendency of Vg versus the molality of sucrose is very close to glucose,
Vg VersUS Mgyerose Can be omitted.)

+2x10°° g+cm . The apparatus was calibrated at 293.15 K
with twice-distilled, freshly degassed water and dry air. The
densities of twice-distilled water and dry air at 293.15 K were
0.998203° g-cm > and 0.001205° g-cm >, respectively. The
average of triplicate values for each sample was as its final result.
The estimated uncertainties of measured densities were found to
be within 0.0005 g-cm73.

Refractive Index Measurements. Refractive indices were
measured with a model-2W refractometer (Shanghai, China) after
calibration with twice-distilled water at 293.15 K (1.3325').
Distilled water was circulated into the apparatus through a thermo-
statically controlled bath maintained constant to + 0.02 K.

403

Figure 2. Variation of experimental slope (S,) versus the molality of
glucose in aqueous solution at T=288.15 K(M), 293.15 K (@),298.15 K
(a), 303.15 K (A), and 308.15 K(V). (Since the tendency of S, vs
molality of sucrose is very close to glucose, S, versus #igycrose can be
omitted.)

The average of three readings was taken for the refractive index
value. The uncertainties of measured refractive indices were
found to be within 0.0003.

Densities and refractive indices of pure water and water +
glucose or sucrose given in Table 1 were compared with literature
values.

B RESULTS AND DISCUSSION

Volumetric Properties. Densities (p) of HMBA in pure
water, aqueous glucose, and sucrose solutions at T = (288.15,
293.15, 298.15, 303.15, and 308.15) K were shown in Table 2.
The apparent molar volumes (V) of HMBA were calculated

6 dx.doi.org/10.1021/je200421s |J. Chem. Eng. Data 2011, 56, 4031-4039
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Table 5. Refractive Indices (np) and Molar Refraction at the Sodium-D Line (Rp) of HMBA in Aqueous Glucose and Sucrose
Solutions at T = 298.15 K

MHMBA) mt;)l-kg_1

0.0000
0.0999
0.1498
0.1998
0.2500
0.3001
0.3503
0.3984

0.0000
0.1000
0.1501
0.1999
0.2501
0.2999
0.3497
0.4001

0.0000
0.0998
0.1472
0.1998
0.2501
0.3002
0.3500
0.4000

0.0000
0.1000
0.1500
0.1996
0.2488
0.2998
0.3501
0.3999

0.0000
0.1001
0.1501

—il
no Rp, cm®-mol

H,O
1.3320 £ 0.0002 3.7054 &= 0.0041
1.3350 £ 0.0001 3.8001 == 0.0021
1.3365 = 0.0000 3.8477 £ 0.0004
1.3380 = 0.0002 3.8954 = 0.0042
1.3396 £ 0.0001 3.9445 =+ 0.0021
1.3409 =£ 0.0002 3.9904 £ 0.0042
1.3420 =£ 0.0001 4.0344 =+ 0.0021
1.3433 £ 0.0001 4.0793 £ 0.0021

Mglycose = 0.2000 mol - kg’l

1.3368 £ 0.0001 3.8242 == 0.0021
1.3398 £ 0.0000 3.9223 == 0.0001
1.341S £ 0.0001 3.9737 £ 0.0021
1.3430 =£ 0.0000 4.0230 = 0.0001
1.3444 £ 0.0002 4.071S =+ 0.0043
1.3459 £ 0.0001 4.1210 =% 0.0022
1.3474 £ 0.0001 4.1707 = 0.0022
1.3488 £ 0.0001 4.2197 £ 0.0022

Mglycose = 0.8000 mol - kg’l

1.3510 = 0.0000 4.1843 == 0.0001
1.3534 £ 0.0001 4.2865 =+ 0.0022
1.3549 £ 0.0001 4.3388 £ 0.0022
1.3566 £ 0.0001 4.3973 = 0.0022
1.3579 =+ 0.0002 4.4497 £ 0.0045
1.3592 £ 0.0000 4.5020 =+ 0.0001
1.3606 £ 0.0001 4.5553 =+ 0.0023
1.3618 £ 0.0002 4.6061 £ 0.0046

Mguerose = 0.2000 mol - kg’l

1.3415 £ 0.0001 3.9479 4 0.0021
1.3445 £ 0.0002 4.0494 £ 0.0042
1.3460 =£ 0.0000 4.1002 = 0.0001
1.3474 £ 0.0001 4.1499 =+ 0.0022
1.3488 £ 0.0001 4.1992 =+ 0.0022
1.3502 £ 0.0002 4.2500 £ 0.0044
1.3516 £ 0.0001 4.300S = 0.0022
1.3530 =4 0.0003 4.3506 == 0.0067

1.3656 £ 0.0001 4.6581 =+ 0.0023
1.3683 £ 0.0000 4.7773 £ 0.0005
1.3698 £ 0.0001 4.8378 £ 0.0023

MivBa, Mol kg_1

0.0000
0.1000
0.1500
0.1998
0.2493
0.2913
0.3501
0.4000

0.0000
0.1000
0.1502
0.2001
0.2499
0.2999
0.3501
0.3983

0.0000
0.0998
0.1499
0.1999
0.2498
0.2997
0.3500
0.4001

0.0000
0.0999
0.1501
0.2001
0.2502
0.2997
0.3499
0.4002

0.2000
0.2500
0.3001

=il
np Rp, cm®-mol

Mglucose = 0.0500 mol - kg’l

1.3331 £ 0.0001 3.7339 =+ 0.0020
1.3361 £ 0.0002 3.8295 == 0.0041
1.3377 £ 0.0001 3.8786 = 0.0021
1.3391 &£ 0.0001 3.9255 = 0.0021
1.3404 £ 0.0002 3.9713 =+ 0.0042
1.3420 £ 0.0000 4.0156 £ 0.0001
1.3432 £ 0.0001 4.0666 =+ 0.0021
1.3449 £ 0.0001 4.1173 =£ 0.0022

Mglucose = 0.3000 mol - kg

1.3392 £ 0.0001 3.8839 =+ 0.0021
1.3422 £ 0.0002 3.9839 £ 0.0042
1.3434 £ 0.0001 4.0310 = 0.0021
1.3450 =£ 0.0000 4.0821 = 0.0001
1.3466 £ 0.0001 4.1333 £ 0.0022
1.3480 =+ 0.0000 4.1826 £ 0.0001
1.3493 £ 0.0001 4.2312 =+ 0.0022
1.3510 £ 0.0001 4.2827 =+ 0.0022

Mgucrose = 0.0500 mol « kg’l

1.3343 £ 0.0001 3.7646 £ 0.0020
1.3373 £ 0.0001 3.8610 == 0.0021
1.3389 =£ 0.0000 3.9105 = 0.0001
1.3404 £ 0.0001 3.9590 =+ 0.0021
1.3419 = 0.0002 4.0076 =+ 0.0042
1.3432 £ 0.0002 4.0542 £ 0.0043
1.3447 £ 0.0001 4.1034 £ 0.0022
1.3470 £ 0.0000 4.1612 = 0.0001

Megerose = 0.3000 mol - kg !

1.3458 £ 0.0001 4.0658 4= 0.0021
1.3487 £ 0.0002 4.1772 = 0.0043
1.3502 =£ 0.0000 4.2338 = 0.0001
1.3517 £ 0.0003 4.2904 + 0.0066
1.3530 = 0.0000 4.3452 =+ 0.0001
1.3542 £ 0.0001 4.3983 £ 0.0022
1.3554 £ 0.0002 4.4522 + 0.0045
1.3570 4= 0.0000 4.5110 == 0.0001

Mgucrose = 0.8000 mol - kg’l

1.3712 £ 0.0002 4.8972 =+ 0.0047
1.3723 £ 0.0001 4.9521 =+ 0.0024
1.3740 £ 0.0000 5.0166 = 0.0001

MimBa, Mol kg_1

0.0000
0.0999
0.1500
0.2001
0.2492
0.3001
0.3499
0.4001

0.0000
0.1000
0.1500
0.1998
0.2501
0.3000
0.3500
0.3999

0.0000
0.1001
0.1497
0.1998
0.2500
0.2995
0.3498
0.3991

0.0000
0.1000
0.1500
0.2001
0.2499
0.3000
0.3497
0.4003

0.3497
0.4003

=il
no Rp, cm®-mol

Mglucose = 0.1000 mol - kg’l

1.3343 £ 0.0001 3.7634 £ 0.0020
1.3372 £ 0.0001 3.8589 == 0.0021
1.3389 £ 0.0001 3.9093 = 0.0021
1.3402 =£ 0.0000 3.9559 = 0.0001
1.3419 £ 0.0001 4.0061 = 0.0021
1.3431 £ 0.0002 4.0523 £ 0.0043
1.3445 £ 0.0001 4.1001 =+ 0.0022
1.3459 £ 0.0002 4.1482 =+ 0.0043

Mglucose = 0.5000 mol - kg*I

1.3443 £ 0.0001 4.0075 = 0.0021
1.3472 £ 0.0002 4.1099 =+ 0.0043
1.3486 =£ 0.0000 4.1606 = 0.0001
1.3500 =£ 0.0000 4.2112 = 0.0001
1.3513 £ 0.0001 4.2610 =+ 0.0022
1.3528 £ 0.0002 4.3130 £ 0.0044
1.3541 £ 0.0001 4.3629 = 0.0022
1.3553 £ 0.0001 4.4112 =+ 0.0022

Mgyerose = 0.1000 mol - kg’l

1.3368 £ 0.0001 3.8259 4 0.0021
1.3398 £ 0.0000 3.9242 == 0.0001
1.3411 =£ 0.0000 3.9710 = 0.0001
1.3427 £ 0.0001 4.0214 = 0.0021
1.3440 =+ 0.0000 4.0689 =+ 0.0001
1.3454 £ 0.0001 4.1171 £ 0.0022
1.3469 =£ 0.0002 4.1670 =+ 0.0043
1.3483 £ 0.0001 4.2153 £ 0.0022

Meaerose = 0.5000 mol - kg !

1.3542 £ 0.0001 4.3030 =+ 0.0022
1.3571 £ 0.0001 4.4141 =+ 0.0022
1.3582 =£ 0.0000 4.4657 £ 0.0001
1.3597 £ 0.0001 4.5218 = 0.0023
1.3611 =+ 0.0002 4.576S =+ 0.0046
1.3626 £ 0.0002 4.6325 £ 0.0046
1.3641 = 0.0002 4.6884 + 0.0046
1.3653 £ 0.0001 4.7417 £ 0.0023

1.3748 £ 0.0002 5.0700 =+ 0.0048
1.3759 £ 0.0002 $.1281 =% 0.0049

from the equation"?

Vo = M/p —1000(p — py)/(mppy)

where M, m, p, and pg are the molar mass of the solute (HMBA),
the molality of the solute, and the densities of solution and
solvent, respectively. The uncertainty of m was £0.0001 mol-
kg~ . The calculated values of V, along with the uncertainties of
p and pg are listed in Table 2. According to the law of propagation
of uncertainty and the above uncertainties of the measured
variables, the combined standard uncertainties of V, at a con-
fidence level of 0.95 (k = 2) was found to be within % 0.06 cm®-

mol . V, is the function of molality of the solute and reflects
(1) interactions between solute and solute. Table 2 shows that the
values of V,, increase with the ascent of temperature and decrease

4037

Vo = Vg + Sym

with the elevated solute concentrations.

From the V, values, the curves of V, versus molality were
drawn, and the plots were found to be linear with negative slopes
in the concentration range studied in all cases. So the partial
molar volume of HMBA at infinite dilution ( Vg) was obtained by
least-squares fitting to the following equation:

(2)
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where S, is the experimental slope. The calculated values of qu,
and Sy along with their standard deviations are summarized in
Table 3. The change tendencies of V$ and Sy with increasing
molarities of glucose are clearly demonstrated by the curves in
Figures 1 and 2.

Partial molar volume of transfer at infinite dilution (Ay,Vg) of
HMBA from pure water to the aqueous glucose and sucrose
solutions were calculated using the following equation:

Atrng = Vg (in aqueous glucose or sucrose solutions)
- Vg (in pure water) (3)

The values of Ang, are illustrated in Table 4. The values of Vg
and Atrng show the nature of solute—solvent interactions,
whereas S, values show that of solute—solute interactions.

First, it can be seen from Table 3 that the Sy values are all
negative over the whole molality range of the aqueous saccharide
solutions and the temperature range investigated. The negative
values of Sy suggest that the hydrophobic—hydrophobic inter-
actions and the hydrophobic—hydrophilic interactions are pre-
dominant over the hydrogen bond interactions between two
HMBA molecules. This conclusion agrees well with that ob-
tained by the analysis of the effect of different interaction on
enthalpic interaction coefficient h, in our previous study.**

Second, the data in Tables 3 and 4 also show that the values of
qu, and AtrquO, are all positive in our experimental conditions.
This may be interpreted from the fact that the hydrophilic—ionic
group interactions play the dominant role during the overall
interaction processes in the studied ternary systems.

Third, it is apparent that both qu, and Atrng, values of sucrose
are larger than that of glucose of the same molality at the same
temperature, while Sy value for sucrose system is more negative
than that for glucose system. This may be explained as follows:
On one side, for the solutions of the same molality, aqueous
sucrose solutions contain about twice the number of OH groups
compared to aqueous glucose solutions, which leads to larger
hydrogen bond interactions in sucrose solutions than those in
glucose solutions. On the other side, the enhancement of
solute—solvent interactions caused by the number of OH groups
weakens the hydrogen bond interactions between two HMBA
molecules, which leads to the values of Sy, decrease.

Fourth, the values of Vg and Sy increase with the ascent of the
temperature. That is, Vg becomes more positive while Sy
becomes less negative. This indicates the positive contribution
of temperature to volume. At higher temperature, the electro-
striction effect of the solvent is reduced and the solvent molecules
from the secondary solvation layer are released into the bulk of
the solvent, which leads to the expansion of the solution."®

Fifth, the values of Vg increase with the increasing molalities of
saccharide solutions while the change trend for the values of Sy is
contrary. This conclusion is consistent with the influence of the
number of OH groups on the values of qu, and Sy in the third
discussion.

Refractive Index. In consideration of the fact that there are
fractional changes in the values of refractive index, the data of that
are only measured at 298.15 K. The data of refractive indices (np)
at the temperature of 298.15 K presented in Table 5 show an
increasing tendency with the increasing molality of the solute.
This behavior is consistent with the results which show the effect
of HMBA molality on the apparent molar volume, indicating that
the refractive index is directly related to the interactions in the
solution. Molar refraction at the sodium-D line (Rp) were
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Figure 3. Variation of molar refraction at the sodium-D line (Rp,) versus
the molality of HMBA in pure water and aqueous glucose solution at
298.15 K. Pure water (M); mgjycose = 0.0500 mol-kg " (®); Mglucose =
0.1000 mol-kg ' (A); Mgucose = 0.2000 mol-kg " (¥); Mgucose =
0.3000 mol-kg ™" (A); Mgcose = 0.5000 mol-kg ™" (V); Mgucose =
0.8000 mol-kgfl(D). (Since the tendency of Ry versus mypypa in
aqueous sucrose solution is very close to glucose, R, versus mypypa in
aqueous sucrose solution can be omitted.)

computed with the Lorentz—Lorenz equation'®

Rp = [(np* = 1)/(np* + 2)] Y xiM;/p (4)

where x; and M, are the mole fraction and molecular weight of the
ith component of the mixture, respectively.

The calculated values of Ry, along with the uncertainties of np
and R, are also listed in Table S. The calculated uncertainties of R,
based on the law of propagation of uncertainty at a confidence level
0f 0.95 (k = 2) were estimated to be within % 0.0067 cm®-mol .
Figure 3 shows an obvious increasing trend of Ry, with the increase
of molarity of solvent. The higher the molality of saccharide is, the
stronger the solute—solvent interactions are, and the more positive
of the contribution to the value of R, will be.

B CONCLUSIONS

In the present work, the densities (p) and refractive indices
(np) have been measured. Apparent molar volumes (V,), limiting
partial molar volumes (Vg), experimental slope (S,), transfer
partial molar volumes (Atrquo,) of HMBA from water to aqueous
glucose or sucrose solutions, and molar refractions at the sodium-
D line have been obtained from the experiment. The values of Vg,
are positive while those of S, are negative, and they all increase
with the ascent of the temperature. In addition, the calculated
values of Rp increase with the molalities of saccharide. The
parameters and variation tendencies have been discussed in terms
of solute—solvent interactions and solute—solute interactions.
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