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Activity coefficients for the NaI + maltose + water system at 298.15K were determined by an electrochemical
method. The Gibbs energy interaction parameter (gES) and salting constant (kS) have also been calculated.
Infinite dilution apparent molar volumes for maltose (VΦ,S) in aqueous NaI solution and those for NaI (VΦ,E)
in aqueous maltose solution have been determined from density measurements as well as volumetric interaction
parameters. The results are discussed in terms of the structural interaction model and the structural properties
of anions.

Introdution

Interactions of electrolytes with saccharides are very important
not only in exploration of the stability of polysaccharides in
biological systems but also in the chemical industry of saccha-
rides and the treatment of waste containing saccharides. The
interactions between saccharides and electrolytes have been
studied by solubility measurements,1 spectroscopy (NMR,2 FT-
IR3), a gas–liquid equilibrium method,4 and ion selective
electrodes (ISEs).5–7

Maltose (4-O-R-D-glucopyranosyl-R-D-glucopyranoside) is a
reducing disaccharide consisting of two glucose units linked
by a glycosidic bond. It is a natural cell-protecting agent, as
well as an energy reservoir in many organisms. This disaccharide
is an essential component for maintaining cell viability. Iodine
is a trace element necessary for the synthesis and metabolism
of thyroid hormones.8 Therefore, information on the interactions
between NaI and maltose can improve the understanding of ion
interactions with maltose residues of biologically important
compounds.

In our laboratory, thermodynamic properties for some elec-
trolyte + saccharide + water systems have been studied.9,10

As a continuation, we report in this paper activity coefficients
and volumetric properties for the NaI + maltose + water
system at 298.15 K. The interactions between NaI and
maltose in water are discussed.

Experimental Section

Chemicals. D-(+)-Maltose (BR, Fluka Chem. Co.) was
dried under a vacuum to constant weight. Deionized water
was redistilled in the presence of KMnO4. Using this method,
pure water with a conductivity of (1.0 · 10-4 to 1.2 · 10-4)
S ·m-1 at T ) 298.15 K was obtained and used throughout
this work.

NaI (AR, mass fraction purity > 99 %, Shanghai Chem.
Co.) was recrystallized from ethanol and then dried under
vacuum at T ) 343 K to constant weight. All reagents were
stored over P2O5 in desiccators. All solutions were prepared
by weight.

Measurements of Cell Potentials. A sodium glass electrode
(Na-ISE, Orion 8611BN) and an iodine ion selective electrode
(I-ISE, Jiangsu Electroanalytical Instrument Co. model 303)

were used. Cell potentials were measured with a PH/ISE meter
(Orion 920A+, with a resolution of 0.1 mV). In all measure-
ments, the temperature of the sample solution was controlled
at T ) (298.15 ( 0.02) K.

The following electrochemical cells were set up to measure
cell potentials for the ternary system6

Na-ISE|NaI (m), H2O (1-w), maltose (w)|I-ISE (I)

Na-ISE|NaI (mr), H2O (1-w), maltose (w)|I-ISE (II)

where m and mr are the molalities of NaI (mol ·kg-1) in the
working and reference solutions, defined as the number of moles
of solutes per kilogram of the mixed solvent, and w is the mass
fraction of maltose in the mixed solvent.

It should be recalled that the apparent standard cell potential
(E0*) includes the asymmetry potential of the electrode as E0*
) E0 + Easym ) E0 + (εNa

asym + εI
asym). Since Easym tends to

be a small and independent value for the composition of the
solvent, we may suppose6,7 that ES

0* - EW
0 * = ES

0 - EW
0 .

Therefore, the difference in cell potential between cells (I) and
(II) can be writen as ∆E ) E(II) - E(I) to eliminate the total
asymmetry.

Measurement of Densities. Solution densities were measured
with a vibrating digital densimeter (model DMA 60/602, Anton
Paar, Austria). The temperature around the sample cells was
controlled by circulating water from a constant temperature bath
(Schott, Germany). A CT1450 temperature controller and CK-
100 ultracryostat were employed to maintain the bath temper-
ature within ( 0.005 K.

Each experiment series was carried out at a fixed maltose
concentration. The mass fraction of maltose ranged from 0.05
to 0.25. The concentration of NaI was increased by the addition
of solid NaI, ranging from about (0.01 to 0.20) mol ·kg-1 for
measurements of cell potentials. The concentration of NaI ranged
from (0.15 to 1.00) mol ·kg-1 for measurements of densities.

Results and Discussion

ActiWity Coefficients. According to Nernst-Nikolsky, the cell
potential for 1:1 electrolytes can be expressed as5

E)E0* + 2S ln mγ (1)

where E0* is the apparent standard cell potential, which depends
on the activity of the ions in the internal reference solution and* Corresponding author. E-mail: klzhuo@263.net.
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the types of the two ISEs; the constant S is the slope of the
electrode response (assuming S ≈ SNa ≈ SI ≈ (SNa + SI)/2);
and γ is the mean ionic activity coefficient of the electrolyte
(NaI).

Then, the difference in cell potential between cells (I) and
(II) can be represented by

∆E)E(ΙΙ)-E(Ι)) 2S ln
mrγr

mγ
(2)

The activity coefficients of NaI in pure water were calculated
by the empirical equation recommended by Hamer and Wu.11

The experimental procedure has been elaborated in a previous
work.12 A very good linear relationship was obtained when E
was plotted versus 2 ln mγ using eq 1. The slope (S) obtained
from least-squares analysis is 26.99 mV (theoretical value RT/F
) 25.69 mV at 298.15 K), with a correlation coefficient of
0.99998. The calibration of the Na-ISE toward the I-ISE as
a reference electrode is shown in Figure 1.

The γr and γ values for NaI in the maltose + water mixtures
can be calculated from the Debye-Hückel extended equation
which can be written as13

log γ)-
A|Z+Z-|√I

1+Ba√I
- log(1+ 0.001υmMS)+CI (3)

where I is the ionic strength; a is the ion size parameter; C is
the ion interaction parameter; υ is the number of ions into which
the electrolyte dissociates; MS is the average molar mass of
mixed solvent; and A and B are the Debye-Hückel constants,
which are given by

A) 1.8247 · 106d1⁄2 ⁄ (εrT)3⁄2 mol-1/2 · dm3/2 ·K3/2 (4)

B) 50.2901 · d1⁄2 ⁄ (εrT)1⁄2 Å-1 ·mol-1/2 · dm3/2 ·K1/2 (5)

where d, εr, and T represent density, relative permittivity of the
mixed solvent, and the thermodynamic temperature, respectively.
Values of density and relative permittivity of the maltose +
water mixtures were taken from the literature14,15 and are listed
in Table 1.

Using eqs 2 and 3, values of γr, a, and C were obtained by
least-squares analysis. These values with their standard devia-
tions are listed in Table 2, as well as the standard deviation of
the fit.

Activity coefficients of NaI in maltose + water mixed
solvents can also be evaluated from the Pitzer equation. For
1:1 electrolytes, the equation can be written as16

ln γ) fγ +Bγm+Cγm2 (6)
where

fγ )-AΦx (7)

Bγ ) 2�0 + 2�1y (8)

x)m1⁄2 ⁄ (1+ bm1⁄2)+ (2 ⁄ b) ln(1+ bm1⁄2) (9)

y) [1- exp(-Rm1⁄2)(1+Rm1⁄2 - 0.5R2m)] ⁄ (R2m) (10)

In the equations above, R and b are empirical parameters with
values of 2.0 and 1.2, respectively.16 �0, �1, and Cγ are solute
specific interaction parameters, and AΦ is the Debye-Hückel
constant for the osmotic coefficients defined by

AΦ ) 1.4006 · 106d1⁄2 ⁄ (εrT)3⁄2 mol-1/2 · dm3/2 ·K3/2 (11)

In eq 6, the first term represents long-range electrostatic
interactions, the second term short-range hard-core effects, and
the third term interactions of three ions.

By combining eqs 2 and 6, we can get values of γr, �0, �1,
and Cγ by least-squares analysis. Then parameters obtained are
summarized in Table 3. Because the molality is not more than
0.2 mol ·kg-1, the fits with Cγ ) 0 were also made. The results
show that the parameter Cγ does not cause a notable improve-
ment of the standard deviations of the fit. Thus, obtained
parameters are also given in Table 3. It can be seen from Tables
2 and 3 that the γr values calculated using the two theories for
each of the mixed solvents are in good agreement with each
other. Activity coefficients and standard cell potentials (E0*) of
NaI in the mixed solvents were obtained from eqs 1 and 2 and
summarized in Table 4.

In this work, an anion-ISE was used as a reference electrode,
and a cation-ISE was used as a working electrode. Therefore,
the standard Gibbs energy of transfer for an electrolyte from
water to saccharide + water systems can be written as

∆tGE
0m(M) ) nF(ES

0 -EW
0 ) (12)

where F is the Faraday constant, and ES
0 and EW

0 are the standard
cell potentials of the electrolyte in saccharide + water and in
pure water, respectively.

Figure 1. Calibration of the Na-ISE versus I-ISE in an aqueous solution
of NaI at 298.15 K.

Table 1. Average Molar Mass, Relative Permittivity,
Debye-Hückel, and Pitzer Parameters for the Different Maltose +
Water Mixtures at 298.15 K

w MS εr
a db A B AΦ

0 18.015 78.38 0.997047 0.5100 0.3285 0.3915
0.05 18.911 76.66 1.016777 0.5325 0.3354 0.4087
0.10 19.900 74.77 1.037258 0.5583 0.3430 0.4286
0.15 20.999 73.52 1.058396 0.5784 0.3495 0.4440
0.20 22.226 72.80 1.080390 0.5931 0.3548 0.4553
0.25 23.606 71.11 1.103064 0.6208 0.3627 0.4765

a Ref 14. b Ref 15.

Table 2. Parameters of the Debye-Hückel Equation in the
Different Maltose + Water Mixtures at 298.15 K

a C σ

w γr Å kg ·mol-1 mV

0 0.8146 ( 0.0016 4.13 ( 0.48 0.108 ( 0.029 0.1
0.05 0.8056 ( 0.0023 4.51 ( 0.63 0.079 ( 0.038 0.1
0.10 0.7957 ( 0.0018 3.39 ( 0.48 0.154 ( 0.037 0.1
0.15 0.7900 ( 0.0033 3.17 ( 0.86 0.187 ( 0.073 0.2
0.20 0.7739 ( 0.0012 4.69 ( 0.30 -0.061 ( 0.019 0.1
0.25 0.7649 ( 0.0009 3.61 ( 0.22 0.041 ( 0.018 0.1
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According to the McMillan-Mayer theory, the transfer Gibbs
energy of an electrolyte from water to aqueous saccharide
solutions can be expressed as17

∆tGE
0m(W)(WfW+ S)) µ0(mE, mS)- µ0(mE)

) 2υgESmS + 3υgESSmS
2 + ...

(13)

where gES and gESS are pair and triple Gibbs energy interaction
parameters, respectively. µ0(mE,mS) and µ0(mE) are the standard
chemical potentials of the electrolyte in the saccharide + water
system and pure water, respectively.

To evaluate the Gibbs energy interaction parameters, the
standard transfer Gibbs energies of NaI (∆tGE

0m(M)) on the mE
M

scale (in moles per kilogram of the mixed solvent) were first
converted into those (∆tGE

0m(W)) on the mE
W scale (in moles

per kilogram of pure water) through the use of the expression18

∆tGE
0m(W) )∆tGE

0m(M) - υRT ln(1+ 0.001mSMS) (14)

Thus, the gES values obtained from eq 13 are given in Table 5.
According to Desnoyer,19 the relation of the salting constant
(kS) and pair Gibbs energy interaction parameter (gES) is:

RTkS ) 2υgES (15)

The kS values calculated from eq 15 are also included in Table
5, together with the values for other electrolytes reported in the
literature.20,21

As can be seen from the data in Table 5, the kS and gES values
decrease from Cl- to I-. The values of kS are positive, indicating
that maltose is salted out by NaX (X stands for Cl, Br, and I)
in water. This is possibly because the interactions between X-

and hydroxyl groups are stronger than those between Na+ and
hydroxyl groups in maltose. The order of kS and gES for
electrolyte + maltose + water systems may be interpreted by
the dispersive energy between maltose molecules and anions.
The equation of dispersive energy between an ion and a
molecule is expressed as22

udispersive )
-3R1R2hν01ν02

2(ν01 + ν02)r
6

(16)

where r is the distance between the ion and the molecule; h is
Planck’s constant; R1 is the polarizability of ions; V01 is the
eigenfrequency of ions in the pertubation state; and R2 and V02

have the same meanings for molecules as R1 and V01 do for ions.
From Cl- to I-, the ionic radius and polarizability increase,

and the dispersive energy becomes more negative. Therefore,
the kS and gES values are in this order: NaCl > NaBr > NaI.
This shows that the dispersive energy between maltose mol-
ecules and anions determines the values of kS. As shown in
Figure 2, there is a good linear relation between kS and 1/r6.
This is consistent with the relation between u and 1/r6 (eq 16).

Apparent Molar Volumes. The measured density data are listed
in Table 6. Apparent molar volumes of maltose (VΦ,S) and NaI
(VΦ,E) were calculated, respectively, using the following equations23

VΦ,S )
MS

d
-

(1000+mEME)(d- dE)

mSddE
(17)

VΦ,E )
ME

d
-

(1000+mSMS(d- dS)
mEddS

(18)

where ME and MS are the molar masses of NaI and maltose;
mE and mS are the molalities of NaI and maltose per kilogram

Table 3. Parameters of the Pitzer Equation for NaI in the Different Maltose + Water Mixtures at 298.15 K

�0 �1 Cγ σ

w γr kg ·mol-1 kg ·mol-1 kg2 ·mol-2 mV

0 0.8151 ( 0.0032 0.053 ( 0.398 0.403 ( 0.593 0.272 ( 1.208 0.1
0.8145 ( 0.0015 0.142 ( 0.038 0.271 ( 0.081 -- 0.1

0.05 0.8081 ( 0.0039 -0.352 ( 0.502 1.040 ( 0.746 1.402 ( 1.522 0.1
0.8051 ( 0.0021 0.107 ( 0.055 0.362 ( 0.118 -- 0.1

0.10 0.7958 ( 0.0037 0.179 ( 0.461 0.217 ( 0.691 0.067 ( 1.383 0.1
0.7957 ( 0.0017 0.202 ( 0.044 0.184 ( 0.194 -- 0.1

0.15 0.7903 ( 0.0069 0.179 ( 0.881 0.249 ( 1.314 0.188 ( 2.654 0.2
0.7921 ( 0.0008 0.162 ( 0.020 0.335 ( 0.044 -- 0.1

0.20 0.7719 ( 0.0021 0.139 ( 0.270 0.195 ( 0.403 -0.626 ( 0.814 0.1
0.7733 ( 0.0010 -0.067 ( 0.028 0.501 ( 0.060 -- 0.1

0.25 0.7651 ( 0.0019 0.006 ( 0.253 0.393 ( 0.378 0.194 ( 0.764 0.1
0.7647 ( 0.0009 0.070 ( 0.024 0.297 ( 0.052 -- 0.1

Table 4. Experimental Cell Potentials (E) and Ionic Mean Activity Coefficients (γ) for NaI in Different Mixed Solvents of Maltose + Water at
298.15 K

w ) 0 w ) 0.05 w ) 0.10 w ) 0.15 w ) 0.20 w ) 0.25

E0* ) 665.8 mV E0* ) 668.7 mV E0* ) 671.6 mV E0* ) 674.9 mV E0* ) 680.7 mV E0* ) 684.5 mV

ma Eb γ ma Eb γ m E γ m E γ m E γ m E γ

0.01316 426.0 0.8930 0.01175 422.7 0.8923 0.01358 432.7 0.8807 0.01312 434.0 0.8783 0.01349 440.9 0.8724 0.01332 443.7 0.8674
0.02488 458.5 0.8624 0.02471 461.0 0.8626 0.02606 465.7 0.8457 0.02600 468.7 0.8429 0.02493 471.9 0.8383 0.02451 474.3 0.8310
0.04250 485.6 0.8341 0.04301 488.8 0.8294 0.04321 491.1 0.8165 0.04238 493.2 0.8142 0.04387 500.0 0.8018 0.04212 501.1 0.7944
0.06373c 506.2 0.8147 0.06493c 509.5 0.8062 0.06399c 510.9 0.7957 0.06450c 514.3 0.7908 0.06363c 518.1 0.7730 0.06443c 522.0 0.7649
0.09519 526.2 0.7901 0.09454 528.3 0.7844 0.09643 531.1 0.7677 0.09360 532.8 0.7677 0.09297 536.6 0.7453 0.09474 540.6 0.7342
0.1335 543.2 0.7719 0.1337 545.6 0.7642 0.1337 547.5 0.7502 0.1326 550.2 0.7480 0.1338 554.0 0.7149 0.1337 557.1 0.7062
0.1974 563.0 0.7533 0.2002 565.9 0.7433 0.2010 568.0 0.7296 0.1999 570.8 0.7267 0.2003 572.9 0.6777 0.1997 576.3 0.6748

a m in moles of NaI per kilogram of mixed solvents (kg ·mol-1). b E in mV. c Reference molality.

Table 5. Gibbs Energy Interaction Parameters (gES) and Salting
Constants (kS) for the Electrolyte + Maltose + Water Systems at
298.15 K

2υgES kS

electrolyte J ·kg ·mol-2 kg ·mol-1

NaCl 613a 0.247
NaBr 277b 0.112
NaI 43 0.017

a Ref 20. b Ref 21.
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of pure water; and d, dS, and dE are densities of maltose + NaI
+ water, maltose + water, and NaI + water solutions,
respectively. These obtained values are also included in Table

6. VΦ,S and VΦ,E are found to be linear functions of mS and
mE

1/2 for each solute studied, respectively. Therefore, infinite
dilution apparent molar volumes (VΦ,S

0 and VΦ,E
0 ), which are

equal to the standard partial molar volumes (VS
0 and VE

0) were
obtained from least-squares analysis using the following
equations24,25

VΦ,S )VΦ,S
0 + SS

/mS (19)

VΦ,E )VΦ,E
0 + SE

/mE
1/2 (20)

where SS
* and SE

* are the experimental slopes. The weighing
factor of VΦ used in the regression analysis is (δVΦ)-2, where
δVΦ ) -(M + 1000/m)δd/δd2; δd is the uncertainty of the
solution density and is taken as a constant;24,25 M is the molar
mass of solute; and m is the molality. The infinite dilution
apparent molar volumes for the systems studied are given in
Tables 7 and 8. In addition, the VΦ,E

0 values were also obtained
by fitting the equation27

VΦ,E )VΦ,E
0 + 1.868cE

1⁄2 + bVcE (21)

where 1.868 is the theoretical slope; bV is the empirical constant;
and cE is the molarity (mol ·dm-3) evaluated by

cE )mEdE ⁄ (1+ 10-3mEME) (22)

Thus, values obtained of VΦ,E
0 (NaI) are also given in Table 8.

Obviously, the agreement is good among the two values of VΦ,E
0

(NaI) from eqs 20 and 21 and the one reported in the literature.28

Partial molar volumes of maltose (VS) and NaI (VE) at each
composition were calculated, respectively, by

VS ) [∂(VΦ,SmS)

∂mS
]

T,P
)VS

0 + 2SS
* mS (23)

VE ) [∂(VΦ,EmE)

∂mE
]

T,P
)VE

0 + 1.5SE
*mE

1/2 (24)

and are also given in Table 6. Their standard deviations, σ(VS)
and σ(VE), can be evaluated from the equations

σ(VS)) [σ(VΦ,S
0 )2 + {2mSσ(SS

*)}2]1⁄2 (25)

σ(VE)) [σ(VΦ,E
0 )2 + {1.5mEσ(SE

*)}2]1⁄2 (26)

In most cases, σ(VS) and σ(VE) < 0.15 cm3 ·mol-1.
Volumetricpropertiesofternaryelectrolyte-nonelectrolyte-

water systems can be expressed as23,29

∆tVΦ,S )VΦ,S(mS, mE)-VΦ,S(mS)) 2υvESmE +

3υ2vEESmE
2 + 3υvESSmEmS + ... (27)

∆tVΦ,E )VΦ,E(mE, mS)-VΦ,E(mE)) 2υvESmS +

3υ2vEESmEmS + 3υvESSmS
2 + ... (28)

where ∆tVΦ,S and ∆tVΦ,E are, respectively, the transfer volumes
of a saccharide at molality mS from water to a solution of
electrolyte at molality mE and of an electrolyte at molality mE

from water to a solution of saccharide at mS. VES, VEES, and
VESS indicate pair and triple volumetric interaction parameters
between electrolytes and saccharides, respectively. These in-
teraction parameters were respectively obtained from least-
squares analysis by eqs 27 and 28, and they are in agreement
with each other. Thus, their average values which can be
considered as experimental values are listed in Table 9.

According to the structural hydration interaction model,30 the
interactions between NaX and maltose can be classified as
follows: (1) cation-hydrophobic (Na+-R, R represents alkyl

Figure 2. Plot of salting constants (kS) versus reciprocal of the sixth power
of the anion radius for the NaX + maltose + water systems.

Table 6. Densities and Apparent Molar Volumes of Maltose and
NaI in the NaI + Water, Maltose + Water, and NaI + Maltose +
Water Systems at 298.15 K

mE d VΦ,S VS VΦ,E VE

mol ·kg-1 g · cm-3 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1

w ) 0.05
0.0000 1.016777 210.08 210.25 -- 35.64
0.1500 1.033092 210.49 210.49 36.10 36.09
0.3000 1.049173 210.88 210.76 36.31 36.36
0.5000 1.070302 211.21 211.09 36.50 36.63
0.7500 1.096243 211.65 211.54 36.67 36.90
1.0000 1.121646 212.25 211.10 36.84 37.13

w ) 0.10
0.0000 1.037258 210.22 210.78 -- 35.90
0.1500 1.052884 210.65 211.02 36.39 36.63
0.3000 1.068298 211.00 211.28 36.57 36.93
0.5000 1.088541 211.44 211.59 36.77 37.23
0.7500 1.113389 211.86 212.03 36.97 37.52
1.0000 1.137722 212.29 211.50 37.16 37.77

w ) 0.15
0.0000 1.058434 210.57 211.37 -- 36.31
0.1500 1.073337 211.04 211.62 36.76 36.97
0.3000 1.088046 211.32 211.86 36.93 37.24
0.5000 1.107386 211.72 212.16 37.09 37.51
0.7500 1.131116 212.14 212.56 37.29 37.78
1.0000 1.154387 212.50 211.94 37.46 38.01

w ) 0.20
0.0000 1.080438 210.82 212.03 -- 36.67
0.1500 1.094605 211.19 212.29 37.11 37.33
0.3000 1.108584 211.50 212.51 37.30 37.61
0.5000 1.126969 211.91 212.79 37.47 37.88
0.7500 1.149568 212.32 213.17 37.63 38.15
1.0000 1.171686 212.76 212.43 37.83 38.38

w ) 0.25
0.0000 1.103065 211.33 212.79 -- 37.09
0.1500 1.116471 211.66 213.05 37.50 37.68
0.3000 1.129711 211.94 213.25 37.65 37.93
0.5000 1.147136 212.36 213.50 37.79 38.17
0.7500 1.168534 212.71 213.86 37.98 38.42
1.0000 1.189561 213.13 212.99 38.12 38.62

w ) 0.30
0.0000 1.126587 211.73 213.65 -- 37.45
0.1500 1.139223 211.99 213.92 37.83 38.02
0.3000 1.151702 212.27 214.10 37.99 38.26
0.5000 1.168125 212.61 214.32 38.14 38.49
0.7500 1.188325 213.01 214.64 38.30 38.72
1.0000 1.208181 213.37 213.63 38.43 38.92
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groups); (2) anion-hydrophobic (X--R); (3) cation-hydrophilic
(Na+-O, O represents OH, CdO, and -O- groups); and (4)
anion and hydrophilic (X--O). Types (1), (2), and (4)
contribute negative values to volume, whereas type (3) con-
tributes a positive value to volume. It has been concluded that
type (3) is predominant.28 In addition, the increase in concentra-
tion of NaX (maltose) makes type (3) interactions stronger,
so the ∆tVΦ,S

0 (∆tVΦ,E
0 ) values are positive and increase just as

can be seen from Figures 3 and 4.
For a given saccharide, the νES values should be in the order

NaCl > NaBr > NaI in electrolyte + saccharide + water
systems.31 In addition, it was observed in our previous work
that the values of νES are in the order νNaCl-S > νNaBr-S > νNaI-S

for the NaX + glucose + water systems.29,31,33 But as
represented in Figure 3, the ∆tVΦ,S

0 values for maltose are in
this order: NaCl > NaI > NaBr for the NaX + maltose + water
systems. Similarly, the νNaBr-S value is smaller than the νNaCl-S

and νNal-S values for maltose, indicating that νES and ∆tVΦ,S
0

are not dependent on the volumes of anions. Why are the νES

values for NaX with maltose in this order? One possible reason
is that there are several conformers of maltose in different
electrolyte solutions,34 and the interactions between anions and
different conformers of maltose are different. Another possible
reason is that there are two linkage torsion angles in maltose
molecules.35 Br- can approach to the linkage torsion angles,
and Br- is smaller than I- so that the linkage torsion angles
(considered as cavity volumes) near the ring are available to
accommodate Br- (a large negative contribution to volume)
according to Conway.36 It can be observed that the νESS values
for the NaX + maltose + water systems are negative and
increase from Cl- to I-.
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