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Abstract The partial molar volumes and refractions of aqueous solutions of fructose, glu-
cose, mannose and sucrose were determined at 15.00, 20.00 and 25.00°C over a wide
concentration range. A model is proposed to describe the deviations of the partial molar
volumes at higher concentrations from those at infinite dilution. In addition, the partial molar
volumes of the sugars at infinite dilution were fit to quadratic relations in temperature.
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1 Introduction

Recently, Banipal et al. [1] measured the densities of very dilute aqueous solutions of
monosaccharides and disaccharides in order to determine the partial molar volumes of
sugars at infinite dilution (V). They made separate determinations at 25, 35 and 45°C in
order to investigate the effect of temperature on V. They compared their results to those
of previous studies [2-18] and found agreement to within 1% for V; determined at 25 °C,
with one exception [4]. Therefore, it seems reasonable to assume the reliability of Banipal’s
results at all temperatures studied. In this study, the measurements for fructose, glucose,
mannose and sucrose were extended to higher concentrations in order to determine the
effects of concentration on the solute partial molar volume (V>), in part to determine the
approximate sugar concentrations at which their partial molar volumes deviate significantly
from the values at infinite dilution (V). The partial molar volumes of both the solute and
solvent differ from their values at infinite dilution, and it is worth seeking an interpretation
for this deviation. To that end, a model is proposed herein that may be tested, to some extent,
with the current results.
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The current study also extends the measurements to lower temperatures in order to get
more reliable information about the temperature derivative of V;. The conclusion drawn
from previous studies [1, 3, 4, 6, 11, 13, 14, 18], including that of Banipal et al., is that the
temperature derivative is approximately constant over the temperature range measured from
25°C and above. However, agreement among the studies is, at best, only fair. Since there
is no theoretical requirement that the slope be constant, extending the temperature range to
temperatures below 25 °C may reveal deviations from linearity.

2 Methods
2.1 Materials

All sugars were obtained from Sigma Chemicals: D(+) fructose (>99%), D(+)glucose
(>99.5%), D(4) mannose (>99%), and sucrose (>99.5%). The sugars were dried before the
preparation of the solutions. Varying amounts of sugar (as low as about 20 mg) were added
to about 45 g of deionized water to make the solutions.

2.2 Measurements

Densities and refractive indices were measured with an Anton Paar DMA 4500 density
meter mated to an Anton Paar 170 refractometer, at temperatures controlled to 0.03 °C with
separate Peltier temperature controllers. The uncertainties for the density and refractive index
measurements are 0.00002 g-mL~" and 0.00005, respectively. Details of the instrumentation
and procedure have been given elsewhere [19].

2.3 Molar volume computations

Semi-empirical calculations of each sugar were used to optimize molecular geometries, after
which van der Waals volumes were superimposed onto each atom in order to estimate the
intrinsic volume of the molecule (Vz““). This procedure is outlined elsewhere [19].

2.4 Data analysis
2.4.1 Molar volume

The molar volume for a binary mixture is a function of the solution density and concentration
[19]. Thus,

_ x1My 4+ x, M,

Vi = )]
0

where x; and x, are the mole fractions of the solvent and solute, respectively, M; and M,
are their molar masses, and p is the solution density.
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Because the total volume (V) is a homogeneous function of the number of moles of solvent
(n1) and solute (n,) of rank one, following Euler one may write [20]

V=V +nV, 2)

where

A% A%
V1 =\ — and V2 =\ —
anl ny,T,p 8)’[2 n,T,p

and V; and V) are the partial molar volumes of solvent and solute, respectively. Dividing
both sides of Eq. (2) by n (= n; + ny) yields

Ve = x1Vi +x2V 3)

Fucaloro et al. [19] developed a new function, V*, defined as

an
V*=7=V1+VV2 “4)
X1
where
X2 ny
yf = = —
X1 ni

By fitting V* to a polynomial in r, one may determine the partial molar volumes of the
solvent and solute as a function of composition. In this manner, the partial molar volumes at
infinite dilution for the solvent (V) and solute (V') can be reliably estimated.

A new function analogous to a conventional excess function is defined as

Va=V"=Vq ®)
where

a=Vi+rvy
Further, the excess partial molar volumes are defined as

VEx=Vv,=V¢
and

Vix=V,—=Vy (6)

These excess functions provide a measure of the extent to which the solution deviates from
ideality as a function of composition.
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2.4.2 Molar refraction
The molar refraction is defined as [19, 21, 22]:
R, = fvm @)

where

;3=
(3 +2)

and np is the solution refractive index measured using the Na-D spectral doublet. Expressions

analogous to those given above for the volume may be written as

R*=R, +7rR,
R% = R* — R}’ ®

3 Results

Table 1 presents the measured values of p and np and the calculated values of V* and R*
as functions of r for all of the studied solutions. Figures 1 and 2 show V* and R* as a
function of r for aqueous fructose solutions at 25 °C. These curves are typical for all systems
studied. Figure 3 shows V% as a function of r for fructose at 15, 20 and 25 °C. Similar results
were obtained for glucose, mannose and sucrose. Figure 4 shows R, as a function of r
for fructose at 25 °C. Similar results were obtained for glucose, mannose and sucrose at all
temperatures.

Analysis of the variances (ANOVA) for the polynomial regressions of V* versus r reveals
that cubic regressions of the data for aqueous solutions of glucose yield reliable values for
all coefficients at all temperatures (the absolute values of the ¢-test >1.96) whereas quadratic
regressions for all other sugar solutions yield reliable values for the coefficients. Table 2 gives
the coefficients for the cubic regressions for V* and V. versus r for aqueous glucose and for
the quadratic regressions for all of the other aqueous solutions. The subscript “ex” indicates
that the coefficients are for the excess function. The coefficients a and b are equivalent to V*
and V7, respectively. The values of V,;’ determined this way agree with those determined by
extrapolating the apparent molar volumes to zero concentration by an average difference of
0.1%, with no difference exceeding 0.2%. From Eq. (5), it can be shown that the following
relations must hold if the estimates of V,* and V" are accurate and if a cubic regression gives
a reliable representation of the data:

Aex = bex =0
Cex = C
dex =d

For the quadratic relations there are no d-terms. These relations are seen to hold reasonably
well. Also given in Table 2 are the coefficients for the quadratic regression for R* versus r.
A quadratic regression yielded reliable values for the coefficients. It is recognized that the
molar refraction is more nearly linear with respect to concentration than the molar volume
[22]. The coefficients ag and b are equivalent to R} and Rj, respectively.
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26
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Fig. 1 Plot of V* versus r for fructose at 25 °C

4 Discussion
4.1 A solution model

Around each solute molecule is a region of water molecules for which the properties of the
water differ from those of the bulk water. Hereafter, water in this region will be referred to as
coordinated water, though it is understood that not all of these water molecules are necessarily
hydrogen bonded to the solute molecule. Thus, the molar volume of the bulk water (V}))
and the average molar volume of the coordinated water (V°%) are not, in general, equal.
Since it is reasonable to assume that there exist concentric shells of coordinated water each
with its own properties, V° ought to be understood as an average value. In the subsequent
discussion the degree of solute-solute association is considered to be negligible.

6.2

5.7 1

5.2

4.7 A

R* / mL/mol

4.2

3-7 T T T T T T
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

mole ratio

Fig. 2 Plot of R* versus r for fructose at 25°C
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Fig. 3 Plot of V5 versus r for fructose at 15 (diamond), 20 (square), and 25 °C (triangle)

For g coordinated water molecules per solute molecule, the total volume of a solution of
n; moles of water molecules and n; moles of solute molecules is given by

V = —qgny) Vl.b + nZVSWL, = I’llvl.b + I’lz(szq — C]Vl.b) = nl\/l',, +nyZ )]

where Vgw, is the volume of the solute molecule (VZSOI) and its coordinated water molecules.
The partial molar volumes are determined from their definitions as follows:

v <8V > Ve 4 < 0Z >
1=\ 7 = m\ -
anl ny,T,p 1 8)11 ny,T,p

0.0001 -
-0.0009 TRt .
-0.0019
-0.0029 | .
-0.0039
-0.0049
-0.0059
-0.0069 . ~ .
-0.0079
-0.0089

0

R*(ex)

0.01 0.02 0.03 0.04 0.05 0.06 0.07
mole ratio

Fig. 4 Plot of R}, versus r for fructose at 25°C
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and

aVv 0Z
Vo= — =Z4+n|—
an2 n,T,p anz ny,T,p

Using the definition for the mole ratio, r, it can be shown that

(8r> _om
ony 1y n%

and

ar 1
8n2 n a ni

By substitution of these expressions into those for the partial molar volumes, one obtains

. , (dZ
Vi=Vy—r o (10)
and
dzZ
V2:Z+r<—> 11
dr

Since V}, is the molar volume of bulk water and therefore constant, compatibility with the
Gibbs-Duhem equation is assured.
It is now assumed that Vsw, is the sum of three terms such that

szq — stol +qV1coord — Vzim + Vzvoid +qvlcoord’ (12)

where Vi is the solute’s intrinsic molar volume that may be estimated computationally by
superimposing van der Waals radii onto quantum mechanically optimized structures, and
V2VOid is the void volume arising from imperfect packing of the solute molecules in solution
[19, 23]. For dilute solutions, it is reasonable to assume that these terms are nearly constant
with respect to concentration. The ¢V term is the total volume of coordinated water per
solute molecule. It is this term that is expected to vary with concentration, even for fairly
dilute solutions. As the concentration of the solute increases, there is an increased probability
of interactions between neighboring coordinated water regions that would result in a reduced
value for ¢ due to overlap of these regions and a change in V °°"%, the average molar volume
of coordinated water. Substituting Eq. (12) into Egs. (10) and (11) and taking into account
the definition of Z implied in Eq. (9), one obtains

(13)

Vi=V, 42 <M)

dr
@ Springer
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and
Vs = (Vi — gAVy) — r (%), (14)
where
AV, =V}, — Ve,
Substitution of Egs. (13) and (14) into Eq. (4) yields
V=V 41 (V" — gAVy) (15)

where V}}, and st"l are assumed to be constant (see above) and the deviation from linearity
comes from the g AV, term. At infinite dilution, ¢ is probably a maximum value (¢°)
as discussed above. The functionality of AV, with concentration is not known and the
following designations for AV} and V°°™ are given for their values at infinite dilution: AV
and V! respectively. Assuming that (%) is zero in the limit of infinite dilution, the
partial molar volumes at infinite dilution become

Vi=Vi (16)
and
Vzo — stol _ quvlo — stol _ qo(vl.b _ VICOOleOJ) (17)

Substitution of these equations into Eqgs. (5) and (6) gives

d[gAVi]
Vit =t —— 18
1 d < dr ) (1%)
ex o Ats0 dlqgAVi]
VS = (q°AVP — qAVy) =1 <%> (19)
and
Ve =r(g°AVy —qAVy) (20)

There is a concentration region for which the value of the excess function is nearly
zero. This is evident for fructose at all temperatures as shown in Fig. 3. This behavior
is typical for all of the studied solutions at all temperatures. Moreover, the same type of
behavior is observed for R} (see Fig. 4). In this region, the value for g AV, is equal, or
nearly equal, to its value at infinite dilution (i.e., the quantity [¢° AV — g AV] approaches
zero as r approaches zero). As the concentration increases beyond this “ideal” region, the
excess volume function becomes increasingly positive (see Fig. 3), suggesting that the g AV}
term decreases with increasing concentration. It was assumed earlier that ¢ decreases with
increasing concentration. If one further assumes that AV, remains fairly constant with respect
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to concentration such that AV, = AVp, then AV must be positive, or more specifically,
V> Vieord Using this approximation, then Eq. (20) becomes

Vi =r(g® — q)AVY @1
Expanding ¢ about ¢° using a Taylor expansion containing three terms yields

q=q"+qr+qr’ (22)

dq d 1 d’q

=\|— an =zl

"= \ar 2=\2)\ar
The expansion may be truncated after the second term for a quadratic expansions of V*, as is
the case for all the studied sugars with the exception of glucose (see Results). For generality,

the ensuing development includes the third term of the expansion. Substitution into Eq. (21)
gives

where

Vi = —AVY(qir® + qor) 23)
where (see Table 2)

¢ = cex = —AV g and
d = dex = —Aquz

It is posited above that the c-term is the negative of the product of a positive (AV[) and a
negative (‘;—Z) term, and therefore is positive. Table 2 confirms this and shows moreover that
this term decreases with increasing temperature in all cases. The reason for this behavior
with temperature is unclear. One also notes that the d-term for aqueous glucose is negative
and becomes decreasingly so with increasing temperature. From this one may infer that ‘;:%Z
is positive.

4.2 Partial molar volumes as a function of temperature

The values for the partial molar volumes at infinite dilution are reported in Table 3 along
with those determined in some of the earlier studies, a majority of which were conducted
at 25°C and some of which were reported at 35 and 45 °C . The current results cover 15,
20 and 25 °C. In reviewing earlier studies, some of which are included in Table 3, Banipal
et al. [1] noted that the V values reported for all sugars at 25 °C agree within 1% with the
exception of those reported by Paljk et al. [4]. The current results at 25 °C also fall within
this 1% range. Moreover, these results fall within 0.2% of those of Banipal et al. [1] for all
four sugars and within 0.1% excluding sucrose. This suggested that it might be useful to
compare our results with those of Banipal et al. over the temperature range of 15 to 45 °C.
Figure 5 shows V" as a function of temperature for the sugars studied here and those studied
by Banipal. The current results are reported for 15 and 20 °C, Banipal’s results for 35 and
45°C, and the average of our results and Banipal’s at 25 °C. The values for sucrose have
been multiplied by the ratio of the molar mass of the monosaccharide to that of sucrose (a
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Table 3 Values of V7 (mL-mol~")? as a function of temperature

15°C 20°C 25°C 35°C 45°C Ref.
Fructose 109.54(0.08) 110.29(0.08) 110.99(0.08) This work
111.06 112.12 112.96 1
113.4 114.5 115.5 4
110.4 9
Glucose 110.62(0.13) 111.18(0.13) 111.88(0.10) This work
111.91 112.82 113.59 1
111.79 8
112.7 113.5 114.2 4
112.2 9
111.5 15
Mannose 110.71(0.05) 111.27(0.04) 111.72(0.03) This work
111.70 112.30 112.96 1
112.6 1134 114.1 4
111.7 9
Sucrose 209.88(0.04) 210.73(0.06) 211.55(0.03) This work
211.92 212.74 213.81 1
211.39 8
210.2 9
211 15

“Deviations are reported in parentheses.

disaccharide) for purposes of easy comparison on the graph. The lines are quadratic fits in
temperature for each sugar. The coefficients for the quadratic fits are listed in Table 4. The
values of (a(,%) p» as a function of temperature may be calculated from these coefficients. In
all cases, the derivatives decrease with increasing temperature.

Banipal et al. [1] concluded that V' is a linear function of temperature based upon
measurements of V' at three temperatures. Using results over an expanded temperature
range suggests a more complicated relationship between V; and T, perhaps a quadratic
relationship (see Table 4). Analytical expressions for (%) » can be determined as a function
of temperature and these values are reported in Fig. 6.

4.3 Partial molar volumes at infinite dilution

The partial molar volume of solute at infinite dilution has been described as the addition
of the intrinsic volume of the solute, a contribution from solute-solvent interactions (Vz""id)
[19, 23], and a term reflecting the difference in molar volumes of the bulk and coordinated
water. The variation of V7 with temperature is almost certainly the result of changes in the
last two terms. Attempts to separate the contributions by comparing V;’ to the molar volume
of the solute solid may be problematic since molecular packing in crystals depends on many
factors, not least of which is the molecular shape. It might be instructive to compare V; to the
intrinsic molar volume (V™) computed by molecular modeling, which optimizes molecular
geometry prior to calculating a molar volume using the standard van der Waals radii (see
Methods, 2.3).

Banipal et al. [1] report the partial molar volumes at infinite dilution (V') and the molar
volumes of solids (V5°9) for a series of sugars at 25 °C, with the exception of sucrose for
which the crystal density was measured at 15 °C. They found that the difference between
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Fig. 5 Plot of V' versus temperature for fructose (diamond), glucose (square), mannose (friangle), and
sucrose (circle). The actual values for sucrose have been multiplied by the ratio of the molar masses of
monosaccharide to the disaccharide for ready comparison with the monosaccharides (see the text)

these values,

szsolid — VZO _ 2SOlid (24)
is almost always negative and is negative for the sugars studied here (see Table 5). Bernal
and van Hook [17] concluded the same behavior is true for carbohydrates in general. It is
assumed here that V;Ol‘d can be considered to be the sum of the intrinsic volume discussed
earlier and the void volume accounting for the molecular packing in the crystal. Thus,

Ve = Vi v @s)

SubAstituting Eq. (17) into Egs. (24) and (25) and assuming that VZS"l is the sum of V2int and
VZV"'d (see above), one obtains

szsolid _ ( 2void _ 2vs%ilCi1d) _ qO(Vl.b _ VICOOFd[O]) (26)

Table 4 Values of the parameters for V; =a + bT + ¢T? where the temperature

isin °C

aﬂ bﬂ Ca
Fructose 106.75(0.01) 0.210(0.001) -0.00160(0.00002)
Glucose 108.228(0.24) 0.173(0.018) -0.00122(0.00030)
Mannose 109.07(0.35) 0.125(0.026) —0.00088(0.00042)
Sucrose” 108.80(0.33) 0.129(0.024) —0.00102(00040)

“Deviations are reported in parentheses.
bUsing the adjusted molar mass (see text).
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Fig. 6 Plot of (#) p versus temperature for fructose (diamond), glucose (square), mannose (triangle), and
sucrose (circle)

The sign of the first term is not known, but (V}}, — V™) is positive as discussed earlier.
Also reported in Table 5 is the difference between the partial molar volumes at infinite
dilution at 25 °C and the intrinsic volumes for each sugar studied here. Thus,

szim — Vzo _ 2int
and
szint — Vzvoid _ qo(vl.b _ VICOOFdIOI) (27)

All values of AVzi“‘ for the monosaccharides are about the same and are roughly half that
for sucrose. Since the second term is negative, it can be assumed that the void volumes are
appreciably large.

Subtracting Vzi"t from Vz‘“’lid provides estimates of Vz‘;‘(’)i,‘ijd (see Eq. (25)) and these values
for the sugars studied here are also reported in Table 5. It is noteworthy that V;;gl‘iid accounts
for 14.6 to 17.3% of the molar volume of the solid. Although it is not possible to estimate
the void volumes in a solution, one can set a lower limit using Eq. (27).

Table 5 Various volumes defined in the text (units mL-mol~")

Vyat25°C Vi volid - ayint o Apgelidyyeld
Fructose 11101 9621 11260 1480 -159 1639
Glucose ~ 111.90 9574 11534 1616 344  19.60
Mannose 11175 9563 11519 1612 344 1956
Sucrose  211.74 17823 21549 3351 -3.76 3727
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Table 6 Values of R (mL-mol~")? as a function of temperature

15°C 20°C 25°C Computed
Fructose 36.78(0.03) 36.86(0.02) 36.90(0.02) 37.150
Glucose 37.20(0.03) 37.16(0.02) 37.28(0.03) 37.150
Mannose 37.09(0.02) 37.07(0.02) 37.16(0.04) 37.150
Sucrose 70.70(0.03) 70.60(0.05) 70.74(0.02) 70.837

“Deviations are reported in parentheses.

4.4 Partial molar refractions

Table 6 reports the partial molar refractions at infinite dilution (R3) at 15, 20 and 25°C.
Also included are the molar refractions of the sugars computed using the tabulated data
developed by Vogel [24]. The computed values are the same for the three isomeric monosac-
charides. The measured values are not particularly sensitive to temperature and are fairly
close to the computed values. Fructose, among the monosaccharides, exhibits the greatest
difference between the computed and measured values. Perhaps this occurs because, as the
only monosaccharide with a five-membered ring, it exhibits the greatest steric strain that, in
turn, affects its electronic structure.

The molar refraction as a function of concentration exhibits a domain for which the partial
molar refractions of water and each sugar are constant and equal to the values at infinite
dilution. (See Fig. 4; all of the studied sugars at all temperatures exhibit similar behavior.)
This ideal domain extends to about » = 0.001, which is consistent with the conclusion drawn
from the molar volume data. Beyond the ideal domain, the molar refractions of the sugars
decrease while that of water increases. The reason for this behavior is unclear.
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