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ABSTRACT: Partial molar volumes ϕV
0 and viscosity B-coefficients of N,N0-ethylene-bis(salicylideneiminato)cobalt(II), abbre-

viated as Co(salen), in different mass fractions (0 to 0.40) of 1,4-dioxane + methanol mixtures were determined from solution
density and viscosity measurements at (298.15, 303.15, 308.15, and 313.15) K under ambient pressure. Apparent molar volumes ϕV
and density data at the experimental temperatures were used to calculate the apparent molar expansibilities ϕE of Co(salen)
solutions; the partial molar expansibilities ϕE

0 were then determined from the relation: ϕE = ϕE
0 + SE(m)

1/2. The temperature
dependence of ϕE

0 values yielded (∂ϕE
0/∂T)P; the signs of the (∂ϕE

0/∂T)P values were discussed to reveal the structure promoting
ability of Co(salen) in the experimental solvent/solvent mixtures. The activation parameters of viscous flow for the ternary solutions
were also derived and discussed in terms of transition state theory. Various results indicated that the ternary system under
investigation is characterized by structural changes and strong solute�solvent interactions.

’ INTRODUCTION

Mixed solvents are characterized by the variation of properties
such as dielectric constant or viscosity, and so forth, enabling
better studies on solute�solute and solute�solvent interactions.
Furthermore, different properties strongly influenced by solvent
properties can be derived in terms of concentration dependence
of a solute. Alcohols in nonpolar solvents associate by means of
hydrogen bonds into a series of n-mers.1,2 In dilute solutions the
predominant species are the unassociated molecules, while in
concentrated solutions both linear and n-mers coexist. In sol-
vents such as 1,4-dioxane that can form hydrogen bonds with
methanol, the self-association of alcohols may be reduced/
perturbed in favor of hydrogen-bonded structures when mixed
together, leading to intermolecular association between metha-
nol and 1,4-dioxane molecules.3 Papanastasiou et al.4 suggested
that the binary mixtures of 1,4-dioxane and methanol are
characterized by the formation of two intermolecular complexes
(1,4-dioxane/methanol) of the types 1:1 and 1:2 and that 1,4-
dioxane can associate through hydrogen bonds by either of its
two oxygen atoms.

It is well-known that naturally occurring oxygen carriers and
storage proteins contain transition metal ions to reversibly bind
dioxygen. Since cobalt-Schiff base complexes were reported to be
synthetic reversible oxygen carriers by Tsumaki,5,6 many investiga-
tors have conducted extensive studies on the oxygen-carrying
property of these complexes.7�11 Among the cobalt-Schiff base
complexes, the best known isN,N0-ethylene-bis(salicylideneiminato)-
cobalt(II), abbreviated as Co(salen), which has a low-spin config-
uration with a square planar donor atom (ONNO) symmetry,
and it can exist in different crystalline forms depending on the
solvent used in its preparation. These crystalline forms have
varying capacity for oxygenation in the solid state, and only a few
solvents that can promote the oxygenation of Co(salen) were
found to be ligated to the cobalt in the final oxygenated inactive
form.12 Hence solvent composition has a major role to play.

Ochiai et al.13,14 indicated that oxygenation of the Co(II)L
complex (where L is a solvent base ligand) forms either O2/CoL
(1:1 adduct) or LCo/O2/CoL (2:1 adduct) and the 2:1 adduct is
thermodynamically favored. Hence the solution behavior of
Co(salen) in mixed solvent media like 1,4-dioxane + methanol will
be quite intriguing and interesting. However, such studies on the
solute�solute and solute�solvent interactions prevailing in solu-
tions of Co(salen) in various pure andmixed solvents are rare in the
literature. Again partial molar volumes ϕV

0 and viscosity B- coeffi-
cients in the solution phase provide valuable information about
solute�solvent and solvent�solvent interactions15�17 and thus are
of fundamental importance for a proper understanding of the
solution behavior of the solute under investigation. Hence in this
paper an attempt has been undertaken to reveal the various
interactions prevailing in the ternary mixtures of Co(salen) + 1,4-
dioxane + methanol at (298.15, 303.15, 308.15, and 313.15) K
under ambient pressure.

’EXPERIMENTAL SECTION

Chemicals. Analytical reagent (AR) grade cobalt acetate,
Co(OAc)2 3 4H2O, 1,2-ethylenediamine, and salicylaldehyde,
each of purity > 99 %, were procured from Thomas Baker, India.
These chemicals were used without further purification. Spectro-
scopic grade methanol and 1,4-dioxane were procured from
Merck, India and used as received. Both of these liquids have a
purity (minimum assay, GC) > 99.8 % with 0.05 % of water. The
various binary solvent mixtures were prepared by mass, and
necessary adjustments were done to achieve exact mass fraction
(w1 = 0.10, 0.20, 0.30, and 0.40) of 1,4-dioxane in the binary
solvent mixtures with methanol at 298.15 K. The physical
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properties of these solvent mixtures as given in Table 1 showed
that the experimental densities and viscosities were more or less
comparable to the values obtained by the least-squares fitting of
the literature data4 with necessary conversion of mole fractions
into mass fractions or vice versa up to 308.15 K. A comparison of
literature data4,18�22 for the densities and viscosities of the pure
liquids was also made in Table 1 with the experimentally
determined values whenever available.
Co(salen) was prepared by a slight modification of a known

method5,23 from equimolar quantities of cobalt acetate and the
Schiff base, SalenH2, in methanol. The red crystalline precipitate
of the cobalt complex was filtered off, washed, and dried in vacuo
at room temperature for about (6 to 8 h) (84 % yield). The
product was recrystallized from methanol. The purity of the
complex was checked by elemental analysis (found: C, 59.10; H,
4.33; N, 8.63; O, 10.01.; Co, 18.11; calc: C, 59.09; H, 4.34; N,
8.61; O, 9.84; Co, 18.12) and IR spectroscopy. Elemental
microanalyses were done by a Perkin-Elmer (model 240C)
analyzer. The IR spectrum was recorded on Jasco 5300 FT-IR
spectrophotometer. Characteristic IR bands for the prepared
complex (Nujol, cm�1) are: 1626.80 (1623.8624) for νC=N,
1332.44 (1332.4424) for νC=O, 430.70 (430.7024) for νCo�O,
and 468.32 (468.3224) for νCo�N. The magnetic moment,
measured with a Sherwood scientific magnetic balance, was
found to be 2.71 μB (2.75 μB

24) at room temperature. The
molecular structures of the ligand, SalenH2, and the complex,
Co(salen), were depicted in Figure 1.

Before use Co(salen) was kept in a vacuum desiccator over
anhydrous CaCl2 for several hours. Then stock solutions of Co-
(salen) in different solvent mixtures (w1 = 0.00, 0.10, 0.20, 0.30, and
0.40) were prepared by mass, and the working solutions were
prepared by mass dilution. The mass measurements accurate to (
0.01mgweremade on a digital electronic analytical balance (Mettler,
AG 285, Switzerland). The conversion of molality into molarity was
accomplished using experimental density values. All solutions were
prepared afresh before use. The uncertainty in molarity of the
Co(salen) solutions was evaluated to( 0.0001 mol 3dm

�3.
Measurements. The densities were measured with a vibrating-

tube density meter (Anton Paar, DMA 4500M), maintained at (
0.01 K of the desired temperatures and calibrated at the experi-
mental temperatures with doubly distilled water and dry air. The
uncertainty in density was estimated to be ( 0.0001 g 3 cm

�3, and
that of the temperature was ( 0.01 K.
The viscosity wasmeasured bymeans of a suspendedUbbelohde

type viscometer thoroughly cleaned, dried, and calibrated at the
experimental temperatures with triply distilled water and purified
methanol.25�27 It was filled with experimental liquid and placed
vertically in a glass-sided thermostatmaintained constant to( 0.01K.
After attainment of thermal equilibrium, the efflux times of
flow of liquids were recorded with a digital stopwatch correct
to( 0.01 s. In all determinations, an average of triplicate measure-
mentswas taken into account, and adequate precautionswere taken to
minimize evaporation loses during the actual measurements. The
uncertainty in viscosity measurements was within ( 0.003 mPa 3 s.
Details of density and viscositymeasurementmethods and techniques
have been described elsewhere.28�30

The absorption spectra of Co(salen) in different mixtures of
1,4-dioxane and methanol at a concentration of 5.0 3 10

�5 mol 3
dm�3 were recorded on Shimatzu (Japan) double-beamUV�vis
spectrophotometer (model UV-240) coupled with thermostatic
arrangement (model TB-85) at ambient temperature using a
quartz cell of 1 cm path length and spectroscopic grade methanol
as the reference solvent.

’RESULTS AND DISCUSSION

The experimental values of molalitiesm, densities F, viscosities
η, and derived parameters for the experimental solutions of Co-
(salen) in different mass fractions of 1,4-dioxane + methanol
mixtures at various temperatures are reported in Table 2. For the
analysis of solvation state of a solute in solution phase and its
interaction with solvent components, data of partial molar volumes
are important. For this purpose, the apparentmolar volumesϕVwere
determined from the solution densities using the following relation:

ϕV ¼ M
F
� 1000ðF� F0Þ

mFF0
ð1Þ

where M is the molar mass of Co(salen), m is the molality of the
solution, and F0 and F are the densities of the solvent and solution,

Table 1. Density G and Viscosity η for Different Mixtures of
1,4-Dioxane (1) + Methanol (2) at T = (298.15 to 313.15) K

solvent mixture T/K

F 3 10
�3/kg 3 cm

�3 η/mPa 3 s

expt. lit. expt. lit.

w1 = 0.00 298.15 0.7866 0.786454 0.547 0.5424

303.15 0.7818 0.781918 0.508 0.51018

308.15 0.7769 0.777104 0.471 0.4694

313.15 0.7728 0.772019 0.449 0.447019

w1 = 0.10 298.15 0.8112 0.8068a 0.550 0.544a

303.15 0.8064 0.8005a 0.511 0.505a

308.15 0.8017 0.7975a 0.473 0.472a

313.15 0.7969 0.7365a 0.432 0.429a

w1 = 0.20 298.15 0.8344 0.8278a 0.554 0.554a

303.15 0.8288 0.8217a 0.517 0.514a

308.15 0.8234 0.8184a 0.482 0.479a

313.15 0.8184 0.7663a 0.448 0.436a

w1 = 0.30 298.15 0.8525 0.8497a 0.565 0.568a

303.15 0.8474 0.8438a 0.527 0.526a

308.15 0.8426 0.8402a 0.489 0.491a

313.15 0.8380 0.7973a 0.452 0.447a

w1 = 0.40 298.15 0.8751 0.587

303.15 0.8702 0.548

308.15 0.8655 0.508

313.15 0.8606 0.467

w1 = 1.00 298.15 1.0273 1.027820 1.196 1.19620

303.15 1.0223 1.022221 1.093 1.093721

308.15 1.0178 1.016894 1.011 1.01124

313.15 1.0143 1.014422 0.978 0.978522

a Least-squared fitted values of density and viscosity data from ref 4.

Figure 1. Molecular structure of SalenH2 and Co(salen).
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Table 2. Molalities m, Densities F, Viscosities η, Apparent
Molar Volumes ϕV, and (ηr � 1)/(c)1/2 for Co(salen) in
Different Mixtures of 1,4-Dioxane (1) + Methanol (2) at T =
(298.15 to 313.15) K

m F 3 10
�3 η ϕV 3 10

6 (ηr � 1)/(c)1/2

mol 3 kg
�1 kg 3m

�3 mPa 3 s m3
3mol�1 mol�1/2

3 dm
3/2

w1 = 0.00

T/K = 298.15
0.0036 0.7871 0.551 188.92 0.1382
0.0046 0.7873 0.555 167.42 0.2438
0.0061 0.7876 0.561 148.38 0.3693
0.0087 0.7882 0.572 116.05 0.5540
0.0107 0.7886 0.582 111.14 0.6978
0.0127 0.7890 0.593 107.76 0.8410

T/K = 303.15
0.0036 0.7823 0.512 188.69 0.1488
0.0046 0.7825 0.516 166.93 0.2625
0.0061 0.7828 0.521 147.65 0.3693
0.0087 0.7834 0.533 114.93 0.5965
0.0107 0.7838 0.540 109.96 0.6869
0.0127 0.7842 0.552 106.54 0.8705

T/K = 308.15 K
0.0036 0.7774 0.473 188.44 0.0803
0.0046 0.7776 0.478 166.40 0.2477
0.0061 0.7779 0.483 146.88 0.3714
0.0087 0.7785 0.495 113.74 0.6176
0.0107 0.7789 0.502 108.71 0.7225
0.0127 0.7793 0.515 105.25 0.9389

T/K = 313.15
0.0036 0.7733 0.453 188.22 0.1684
0.0046 0.7735 0.457 165.94 0.2970
0.0061 0.7738 0.463 146.21 0.4545
0.0087 0.7744 0.474 112.72 0.6798
0.0107 0.7748 0.481 107.64 0.7823
0.0127 0.7752 0.494 104.15 1.0124

w1 = 0.10

T/K = 298.15
0.0035 0.8117 0.556 183.77 0.2062
0.0044 0.8119 0.559 162.53 0.2727
0.0059 0.8122 0.565 140.40 0.3935
0.0084 0.8128 0.575 113.83 0.5510
0.0104 0.8132 0.585 108.46 0.6940
0.0123 0.8136 0.594 104.15 0.8000

T/K = 303.15
0.0035 0.8069 0.516 183.56 0.1850
0.0044 0.8071 0.520 158.57 0.2975
0.0059 0.8074 0.526 142.54 0.4236
0.0084 0.8080 0.536 110.23 0.5930
0.0104 0.8084 0.545 107.36 0.7256
0.0123 0.8088 0.556 102.99 0.8851

T/K = 308.15
0.0035 0.8022 0.478 183.34 0.1998
0.0044 0.8024 0.482 158.06 0.3214
0.0059 0.8027 0.487 141.84 0.4315
0.0084 0.8033 0.497 109.15 0.6195
0.0104 0.8037 0.505 106.25 0.7426
0.0123 0.8041 0.516 101.83 0.9183

T/K = 313.15
0.0035 0.7974 0.437 183.10 0.2188
0.0044 0.7976 0.441 157.51 0.3519
0.0059 0.7979 0.447 141.10 0.5062
0.0084 0.7985 0.457 108.01 0.7066
0.0104 0.7989 0.464 105.08 0.8131
0.0123 0.7993 0.475 100.61 1.0054

Table 2. Continued
m F 3 10

�3 η ϕV 3 10
6 (ηr � 1)/(c)1/2

mol 3 kg
�1 kg 3m

�3 mPa 3 s m3
3mol�1 mol�1/2

3 dm
3/2

w1 = 0.20

T/K = 298.15

0.0034 0.8349 0.558 178.49 0.1365
0.0043 0.8351 0.562 155.87 0.2407
0.0058 0.8354 0.568 142.01 0.3647
0.0082 0.8360 0.576 109.36 0.4813
0.0101 0.8364 0.586 105.15 0.6299
0.0120 0.8368 0.593 102.27 0.7040

T/K = 303.15
0.0034 0.8293 0.521 178.26 0.1463
0.0043 0.8295 0.525 155.34 0.2579
0.0058 0.8298 0.531 141.29 0.3908
0.0082 0.8304 0.541 108.19 0.5627
0.0101 0.8308 0.549 103.93 0.6750
0.0120 0.8312 0.555 101.01 0.7387

T/K = 308.15
0.0034 0.8239 0.487 178.02 0.1961
0.0043 0.8241 0.491 156.85 0.3154
0.0058 0.8244 0.497 140.56 0.4491
0.0082 0.8250 0.505 107.03 0.5826
0.0101 0.8254 0.513 102.71 0.7060
0.0120 0.8258 0.521 99.75 0.8132

T/K = 313.15

0.0034 0.8189 0.453 177.77 0.2110
0.0043 0.8191 0.457 155.99 0.3393
0.0058 0.8194 0.464 139.86 0.5206
0.0082 0.8200 0.471 105.92 0.6269
0.0101 0.8204 0.479 101.55 0.7596
0.0120 0.8208 0.487 98.55 0.8793

w1 = 0.30

T/K = 298.15
0.0033 0.8530 0.569 172.96 0.1338
0.0042 0.8532 0.573 152.09 0.2360
0.0056 0.8535 0.578 135.68 0.3320
0.0080 0.8541 0.587 106.15 0.4720
0.0099 0.8545 0.595 103.33 0.5790
0.0117 0.8549 0.603 99.02 0.6726

T/K = 303.15
0.0033 0.8479 0.531 172.74 0.1435
0.0042 0.8481 0.535 151.62 0.2530
0.0056 0.8484 0.541 135.01 0.3873
0.0080 0.8490 0.549 105.13 0.5060
0.0099 0.8494 0.557 102.27 0.6208
0.0117 0.8498 0.566 97.91 0.7438

T/K = 308.15

0.0033 0.8431 0.494 172.52 0.1933
0.0042 0.8433 0.498 151.15 0.3109
0.0056 0.8436 0.504 134.35 0.4472
0.0080 0.8442 0.513 104.13 0.5993
0.0099 0.8446 0.521 101.24 0.7183
0.0117 0.8450 0.528 96.83 0.8056

T/K = 313.15

0.0033 0.8385 0.456 172.29 0.1673
0.0042 0.8387 0.461 150.69 0.3363
0.0056 0.8390 0.468 133.70 0.5160
0.0080 0.8396 0.476 103.15 0.6483
0.0099 0.8400 0.484 100.23 0.7771
0.0117 0.8404 0.491 95.77 0.8715
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respectively.Uncertainties inϕV valueswerewithin the range (0.02 to
0.05) 310

�6 m3
3mol

�1. As the plots of ϕV against square root of
molar concentration (m)1/2 were not linear, ϕV values were fitted to
the following equation:31

ϕV ¼ ϕ0V + AV
ffiffiffiffi

m
p

+ BVm ð2Þ
where ϕV

0 is the partial molar volume at infinite dilution, and AV and
BV are two adjustable parameters. The ϕV

0 values were determined
by fitting the dilute data (m < 0.1) to eq 2 using a least-squares

Table 2. Continued
m F 3 10

�3 η ϕV 3 10
6 (ηr � 1)/(c)1/2

mol 3 kg
�1 kg 3m

�3 mPa 3 s m3
3mol�1 mol�1/2

3 dm
3/2

w1 = 0.40

T/K = 298.15
0.0032 0.8756 0.591 167.56 0.1288
0.0041 0.8758 0.594 148.63 0.1988
0.0055 0.8761 0.598 134.12 0.2704
0.0078 0.8767 0.607 103.64 0.4130
0.0096 0.8771 0.612 99.42 0.4644
0.0114 0.8775 0.621 96.52 0.5792

T/K = 303.15
0.0032 0.8707 0.551 167.35 0.1035
0.0041 0.8709 0.555 148.20 0.2129
0.0055 0.8712 0.561 133.53 0.3423
0.0078 0.8718 0.567 102.71 0.4203
0.0096 0.8722 0.575 98.44 0.5408
0.0114 0.8726 0.582 95.51 0.6236

T/K = 308.15
0.0032 0.8660 0.514 167.13 0.2233
0.0041 0.8662 0.518 147.77 0.3325
0.0055 0.8665 0.524 132.94 0.4545
0.0078 0.8671 0.532 101.79 0.5769
0.0096 0.8675 0.540 97.48 0.6915
0.0114 0.8679 0.546 94.51 0.7518

T/K = 313.15
0.0032 0.8611 0.472 166.89 0.2024
0.0041 0.8613 0.476 147.31 0.3255
0.0055 0.8616 0.481 132.31 0.4370
0.0078 0.8622 0.491 100.81 0.6275
0.0096 0.8626 0.497 96.44 0.7052
0.0114 0.8630 0.503 93.44 0.7787

Table 3. Partial Molar Volumes OV0 and Adjustable Parameters AV and BV for Co(salen) in DifferentMixtures of 1,4-Dioxane (1) +
Methanol (2) with Standard Deviations σ at T = (298.15 to 313.15) Ka

T ϕV
0
3 10

6 AV 3 10
6 BV 3 10

6 σ 3 10
6

K m3
3mol�1 m3

3mol�1.5 m3
3mol�2 m3

3mol
�1

w1 = 0.00
298.15 467.11 (( 0.02) �6248.36 (( 2.18) 27089.97 (( 2.06) 0.33
303.15 470.30 (( 0.02) �6325.42 (( 2.02) 27425.22 (( 2.09) 0.34
308.15 473.66 (( 0.02) �6406.48 (( 2.20) 27778.05 (( 2.10) 0.35
313.15 476.56 (( 0.02) �6476.98 (( 2.14) 28087.82 (( 2.17) 0.36

w1 = 0.10
298.15 466.58 (( 0.03) �6518.85 (( 0.16) 29348.60 (( 1.67) 0.11
303.15 467.72 (( 0.03) �6571.78 (( 0.45) 29618.04 (( 1.83) 0.02
308.15 470.85 (( 0.03) �6649.28 (( 0.49) 29968.32 (( 1.81) 0.02
313.15 474.12 (( 0.03) �6730.53 (( 0.60) 30336.27 (( 1.90) 0.02

w1 = 0.20
298.15 431.38 (( 0.06) �5854.27 (( 1.24) 25934.18 (( 3.61) 0.55
303.15 434.59 (( 0.06) �5933.79 (( 1.34) 26286.64 (( 3.67) 0.56
308.15 439.20 (( 0.06) �6020.67 (( 1.96) 26576.76 (( 3.85) 0.76
313.15 441.83 (( 0.06) �6091.25 (( 1.96) 26903.17 (( 3.87) 0.75

w1 = 0.30
298.15 425.81(( 0.12) �5965.73 (( 1.01) 27221.04 (( 11.45) 0.01
303.15 428.62 (( 0.12) �6037.18 (( 0.98) 27546.49 (( 11.59) 0.01
308.15 431.38 (( 0.12) �6107.75 (( 1.17) 27870.69 (( 11.70) 0.01
313.15 433.99 (( 0.13) �6174.86 (( 1.01) 28177.05 (( 11.87) 0.01

w1 = 0.40
298.15 396.00 (( 0.03) �5387.12 (( 3.07) 24085.03 (( 2.01) 0.75
303.15 398.38 (( 0.03) �5448.31 (( 3.15) 24359.82 (( 2.01) 0.77
308.15 400.66 (( 0.03) �5507.29 (( 2.98) 24623.87 (( 2.03) 0.77
313.15 403.06 (( 0.03) �5569.35 (( 3.11) 24899.72 (( 2.07) 0.80

a Standard errors are given in the parentheses.

Figure 2. Variation of the parameter (ϕV � AV(m)
1/2) as a function of

molality (m) of Co(salen) in methanol at T = (298.15 to 313.15) K: 0,
298.15 K; O, 303.15 K; 4, 308.15 K; and +, 313.15 K.
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regressionmethod, and the coefficient of regression (R2) values were
within the range 0.9991 to 0.9999. The values of ϕV

0 at each
temperature are reported in Table 3. The estimated uncertainties
inϕV

0 were equal to the standard deviationσ, the root-mean-square of
the deviations between the experimental and the calculatedϕV values
for each data point. ϕV

0 values were further optimized from the linear
variation of the parameter (ϕV � AV(m)

1/2) against the molalities
(m) of the experimental solutions in different solvent systems at
different experimental temperatures (Figures 2 to 6).

Table 3 shows that ϕV
0 values are positive and increase with a

rise in the temperature but decrease as the amount of 1,4-dioxane
in the mixtures increases. This indicates the presence of strong
solute�solvent interactions ,and these interactions are further
strengthened at higher temperatures but weakened with higher
content of the cyclic diether. In this study, Co(salen) was actually
taken in its oxygenated form and methanol being a protic solvent

may interact with the dioxygen coordinated to sixth position of
Co(salen), resulting in the rapid breakdown of the dioxygen
complex with oxidation of Co(II) to Co(III). It may also interact
with Co(salen) via hydrogen bond formation with ONNO sites
of the complex. It is also reported that 1,4-dioxane forms exten-
sive hydrogen bonding with methanol. Hence with increasing
amount of 1,4-dioxane in the solvent mixtures, the interaction
between methanol and Co(salen) decreases owing to favorable
hydrogen-bond interaction between 1,4-dioxane and methanol
molecules. Thus the addition of 1,4-dioxane decreases ϕV as well
as ϕV

0 values for the ternary systems under investigation. A
schematic representation of such probable molecular interac-
tions has been depicted in Figure 7. Although ϕV values decrease
slightly as the temperature increases, ϕV

0 values increase appre-
ciably. This is probably due to greater solvation of Co(salen) with
methanol and 1,4-dioxane molecules owing to more molecular

Figure 3. Variation of the parameter (ϕV � AV(m)
1/2) as a function of

molality (m) of Co(salen) in the 1,4-dioxane (1) +methanol (2)mixture
withw1 = 0.10 atT = (298.15 to 313.15) K:0, 298.15 K;O, 303.15 K;4,
308.15 K; and +, 313.15 K.

Figure 5. Variation of the parameter (ϕV � AV(m)
1/2) as a function of

molality (m) of Co(salen) in the 1,4-dioxane (1) +methanol (2)mixture
withw1 = 0.30 atT = (298.15 to 313.15) K:0, 298.15 K;O, 303.15 K;4,
308.15 K; and +, 313.15 K.

Figure 4. Variation of the parameter (ϕV � AV(m)
1/2) as a function of

molality (m) of Co(salen) in the 1,4-dioxane (1) +methanol (2)mixture
withw1 = 0.20 atT = (298.15 to 313.15) K:0, 298.15 K;O, 303.15 K;4,
308.15 K; and +, 313.15 K.

Figure 6. Variation of the parameter (ϕV � AV(m)
1/2) as a function of

molality (m) of Co(salen) in the 1,4-dioxane (1) +methanol (2)mixture
withw1 = 0.40 atT = (298.15 to 313.15) K:0, 298.15 K;O, 303.15 K;4,
308.15 K; and +, 313.15 K.
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collisions at elevated temperatures; thus the effect of BV pre-
dominates over AV in characterizing resultant ϕV

0 values. Having
two oxygen atoms in its structure 1,4-dioxane may form a 2:1
complex with Co(salen) like dioxygen, but our results indicate
that such complex formation is hindered due to the bulkier size of
1,4-dioxane compared to methanol.

These results are also reflected in the UV�vis absorption
spectra of the studied solutions. Figure 8 shows the absorption
spectra of the Schiff base, SalenH2 in methanol, and various
mixed solvents at 298.15 K. The spectra in methanol are
characterized by the presence of two strong peaks at (254 and
316) nm and a weak peak at 404 nm, assigned to π f π*
transitions, nf π* transitions involving the molecular orbitals of
C =N•• chromophore and benzene ring and nfπ* transitions of
C = N•• chromophore, respectively. The appearance of the weak
peak at 404 nm indicates that the keto�enol tautomeric equi-
librium between an �OH (enol-imine) and �NH (keto-enam-
ine) forms of the Schiff base32 exists to some extent in methanol.
But when 1,4-dioxane is introduced, the 404 nm peak gradually
disappears and forms a valley as the concentration of 1,4-dioxane
increases in the ternary solutions. Thus the position of the weak
peak varies with the polarity of the solvent. Also the 316 nm peak
suffers from hypochromic shifts on addition of 1,4-dioxane. The

absorption spectra of Co(salen) in methanol and various mixed
solvents at 298.15 K are depicted in Figure 9; it shows that the
404 nm peak of the Schiff base is blue-shifted to 388 nm in the
methanol due to coordination to Co(II). In the mixed solvents
this peak is further blue-shifted to 382 nm and suffers from
hyperchromic shifts probably due to the decrease in polarity of
the solvent mixture with a further addition of 1,4-dioxane.

Apparent molar volumes ϕV and density data at the experi-
mental temperatures were used to calculate the apparent molar
expansibilities ϕE of Co(salen) solutions using the relation:

33

ϕE ¼ RϕV +
1000ðR� R0Þ

mF0
ð3Þ

whereR andR0 are the coefficients of isobaric thermal expansion
of the solvent and solution, respectively, and other symbols
have their usual significance. R and R0 are defined as: R0 =
�F0

�1(∂F0/∂T)P and R = �F�1(∂F/∂T)P; the corresponding
uncertainty was ( 5 3 10

�6 K�1. The uncertainty in apparent
molar expansibilities ϕEwas within( 0.001 3 10

�6 m3
3mol

�1
3K

�1.
The partial molar expansibilities ϕE

0 were then determined from
the relation:33

ϕE ¼ ϕ0E + SE
ffiffiffiffi

m
p ð4Þ

(∂ϕE
0/∂T)P values were obtained from the slope of a linear fit of

ϕE
0 values against the experimental temperature T with the

coefficient of regression (R2) values within the range 0.9991 to
0.9999. The ϕE

0 values for different experimental solutions at
different temperatures are given in Table 4. It reveals that ϕE

0

values are negative and further decrease gradually as the tem-
perature increases for all of the solutions. This may be attrib-
uted to structural perturbation caused by the addition of the
cyclic diether or to the appearance of caging/packing effect,34,35

and Co(salen) seemed to behave more or less like common
electrolytes31 in binary mixtures of 1,4-dioxane with methanol.
However, such a gradual decrease in ϕE

0 values with increasing
temperature suggests a gradual disappearance of such effects

Figure 7. Schematic representation of different hydrogen-bond inter-
actions in the ternary solutions of Co(salen) + 1,4-dioxane + methanol:
A, interactions with the 1:1 oxygen adduct of Co(salen); B: interactions
with the 2:1 oxygen adduct of Co(salen).

Figure 8. Changes in the UV�vis absorption spectra of SalenH2

solutions in different 1,4-dioxane (1) + methanol (2) mixtures at
298.15 K: 1, in a mixture with w1 = 0.10; 2, in a mixture with w1 =
0.20; 3, in a mixture with w1 = 0.30; 4, in a mixture with w1 = 0.40. Inset:
1, SalenH2 in methanol; 2, average absorption spectra in different 1,4-
dioxane + methanol mixtures at 298.15 K.

Figure 9. Changes in the UV�vis absorption spectra of Co(salen)
solutions in different 1,4-dioxane (1) + methanol (2) mixtures at 298.15 K:
1, in a mixture with w1 = 0.10; 2, in a mixture with w1 = 0.20; 3, in a
mixture withw1 = 0.30; 4, in a mixture withw1 = 0.40. Inset: 1, Co(salen)
in methanol; 2, average absorption spectrum in different 1,4-dioxane +
methanol mixtures at 298.15 K.
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leading to the release of CH3OH molecules in favor of hydrogen
bond interactions with 1,4-dioxane molecules and thus decreases
volumes and increases densities of the solutions (Table 2).
According to Hepler,36 the sign of (δϕE

0/δT)P is a better criterion
in characterizing the long-range structure-making or -breaking ability
of a solute in solution phase. If the term (δϕE

0/δT)P is small negative
or positive, the solute is a structure maker; otherwise it is a structure
breaker. The (δϕE

0/δT)P values for different ternary solutions
are given in Table 4, and Co(salen) was found to act as a net
structure promoter in the presence of 1,4-dioxane.

The viscosity data for the solutions of Co(salen) in different
mass fractions (w1 = 0.00, 0.10, 0.20, 0.30, and 0.40) of 1,4-dioxane +
methanol mixtures were analyzed using the Jones�Dole equation:37

ðη=η0 � 1Þ ffiffi

c
p ¼ ðηr � 1Þ= ffiffi

c
p ¼ A + B

ffiffi

c
p ð5Þ

where ηr = η/η0; η0 and η are the viscosities of solvent and solution,
respectively.A and B are the coefficients estimated by a least-squares
regressionmethod, and the coefficient of regression (R2) values were
within the range 0.9882 to 0.9993; these coefficients are reported in
Table 5. The viscosity B-coefficient38,39 reflects the effects of
solute�solvent interactions on the solution viscosity similar to ϕV

0.
Table 5 shows that the viscosity B-coefficients for Co(salen) in the
studied solvent systems are positive, and the trend is in line with the
ϕV
0 values supporting the results discussed earlier on the basis of ϕV

0

values. However, the A-coefficients are negative indicating the
presence of weak solute�solute interactions in the ternary solutions
and supports the results obtained on the basis of the viscosity B-
coefficients for all of the studied solutions.

According to transition state theory of relative viscosity as
suggested by Feakings et al.,38 the free energy of activation of
viscous flow per mole of the solute, Δμ2

0 6¼, is related to the
viscosity B-coefficients by the following relation:

Δμ0 6¼2 ¼ Δμ0 6¼1 + RTð1000B + ϕ0V , 2 � ϕ0V , 1Þ=ϕ0V , 1 ð6Þ
where ϕV,1

0 and ϕV,2
0 are the partial molar volumes of the solvent

and solute, respectively. The free energy of activation of viscous
flow for the solvent/solvent mixture per mole, Δμ1

0 6¼, is given by
the relation:38,39

Δμ0 6¼1 ¼ ΔG0 6¼
1 ¼ RT lnðη0ϕ0V , 1=hNAÞ ð7Þ

whereNA is Avogadro's number and the other symbols have their
usual significance. The entropy of activation for ternary solutions
ΔS2

0 6¼ was obtained from the negative slope of the plots of Δμ2
0 6¼

against T,

ΔS0 6¼2 ¼ � dðΔμ0 6¼2 Þ=dT ð8Þ
and the activation enthalpy (ΔH2

0 6¼) has been calculated using
the relation,38

ΔH0 6¼
2 ¼ Δμ0 6¼2 + TΔS0 6¼2 ð9Þ

The parameters (ϕV,2
0 � ϕV,1

0 ), Δμ1
0 6¼, Δμ2

0 6¼, ΔH2
0 6¼, and TΔS2

0 6¼

are reported in Table 6. The values Δμ2
0 6¼ contain the change in

the free energy of activation of solvent molecules in presence of
solute as well as the contribution from the movement of solute
molecules. Table 6 shows that Δμ1

0 6¼ is almost invariant of the
solvent compositions and temperatures, implying that Δμ2

0 6¼ is
dependent mainly on the viscosity B-coefficients and (ϕV,2

0 �
ϕV,1
0 ) terms. Δμ2

0 6¼ values were positive at all of the experimental
temperatures suggesting that the process of viscous flow becomes
difficult as the temperature increases but becomes easier to someT
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Table 5. Values of A and B-Coefficients for Co(salen) in Different Mixtures of 1,4-Dioxane (1) + Methanol (2) with Standard
Deviations σ at T = (298.15 to 313.15) Ka

viscosity coefficients

solvent mixtures

w1 = 0.00

298.15 K 303.15 K 308.15 K 313.15 K

A 3 10
6/m3/2

3mol�1/2 �0.644 (( 0.001) �0.647 (( 0.001) �0.827 (( 0.001) �0.752 (( 0.001)
B 3 10

6/m3
3mol�1 14.702 (( 0.012) 14.954 (( 0.013) 17.471 (( 0.002) 17.440 (( 0.003)

σ 3 10
6/m3/2

3mol�1/2 0.001 0.004 0.003 0.001

w1 = 0.10
A 3 10

6/m3/2
3mol�1/2 �0.486 (( 0.001) �0.569 (( 0.001) �0.577 (( 0.001) �0.619 (( 0.001)

B 3 10
6/m3

3mol�1 12.782 (( 0.008) 14.341 (( 0.006) 14.789 (( 0.002) 16.163 (( 0.004)
σ 3 10

6/m3/2
3mol�1/2 0.001 0.001 0.001 0.002

w1 = 0.20
A 3 10

6/m3/2
3mol�1/2 �0.482 (( 0.001) �0.515 (( 0.001) �0.458 (( 0.006) �0.480 (( 0.001)

B 3 10
6/m3

3mol�1 11.944 (( 0.008) 12.854 (( 0.008) 12.801 (( 0.002) 13.730 (( 0.004)
σ 3 10

6/m3/2
3mol�1/2 0.001 0.001 0.001 0.001

w1 = 0.30
A 3 10

6/m3/2
3mol�1/2 �0.448 (( 0.001) �0.487 (( 0.001) �0.469 (( 0.001) �0.541 (( 0.001)

B 3 10
6/m3

3mol�1 11.209 (( 0.008) 12.249 (( 0.005) 13.010 (( 0.004) 14.509 (( 0.005)
σ 3 10

6/m3/2
3mol�1/2 0.001 0.001 0.001 0.002

w1 = 0.40
A 3 10

6/m3/2
3mol�1/2 �0.364 (( 0.000) �0.438 (( 0.001) �0.343 (( 0.001) �0.422 (( 0.001)

B 3 10
6/m3

3mol�1 9.282 (( 0.006) 10.697 (( 0.002) 11.214 (( 0.003) 12.390 (( 0.004)
σ 3 10

6/m3/2
3mol�1/2 0.001 0.001 0.002 0.003

a Standard errors are given in the parentheses.

Table 6. Values of (OV,20 � ϕV,1
0 ), Δμ1

0 6¼, Δμ2
0 6¼, TΔS2

0 6¼, and ΔH2
06¼ for Co(salen) in Different Mixtures of 1,4-Dioxane (1) +

Methanol (2) at T = (298.15 to 313.15) K

parameter 298.15 K 303.15 K 308.15 K 313.15 K

w1 = 0.00
(ϕV,2

0 � ϕV,1
0 ) 3 10

6/m3
3mol

�1 426.38 429.32 432.42 435.10
Δμ1

06¼/kJ 3mol�1 9.97 9.97 9.95 10.00
Δμ2

06¼/kJ 3mol�1 931.72 955.97 1122.15 1132.50
TΔS2

06¼/kJ 3mol�1 �4582.62 �4659.47 �4736.32 �4813.17
ΔH2

06¼/kJ 3mol�1 �3650.89 �3703.50 �3614.17 �3680.67

w1 = 0.10
(ϕV,2

0 � ϕV,1
0 ) 3 10

6/m3
3mol

�1 424.39 425.28 428.16 431.17
Δμ1

06¼/kJ 3mol�1 10.07 10.07 10.05 9.99
Δμ2

06¼/kJ 3mol�1 786.10 887.09 923.40 1016.10
TΔS2

06¼/kJ 3mol�1 �4331.00 �4403.63 �4476.26 �4548.89
ΔH2

06¼/kJ 3mol�1 �3544.90 �3516.54 �3552.86 �3532.79

w1 = 0.20
(ϕV,2

0 � ϕV,1
0 ) 3 10

6/m3
3mol

�1 387.38 390.30 394.62 396.97
Δμ1

06¼/kJ 3mol�1 10.19 10.21 10.21 10.20
Δμ2

06¼/kJ 3mol�1 704.97 763.84 768.49 830.16
TΔS2

06¼/kJ 3mol�1 �2267.27 �2305.29 �2343.31 �2381.34
ΔH2

06¼/kJ 3mol�1 �1562.30 �1541.45 �1574.82 �1551.17

w1 = 0.30
(ϕV,2

0 � ϕV,1
0 ) 3 10

6/m3
3mol

�1 379.36 381.89 384.38 386.73
Δμ1

06¼/kJ 3mol�1 10.38 10.39 10.38 10.36
Δμ2

06¼/kJ 3mol�1 628.77 691.51 740.55 831.04
TΔS2

06¼/kJ 3mol�1 �3910.81 �3976.39 �4041.98 �4107.56
ΔH2

06¼/kJ 3mol�1 �3282.04 �3284.88 �3301.43 �3276.52

w1 = 0.40
(ϕV,2

0 � ϕV,1
0 ) 3 10

6/m3
3mol

�1 346.88 348.98 351.01 353.12
Δμ1

06¼/kJ 3mol�1 10.61 10.63 10.62 10.59
Δμ2

06¼/kJ 3mol�1 496.58 574.30 607.27 674.90
TΔS2

06¼/kJ 3mol�1 �3386.64 �3443.44 �3500.23 �3557.03
ΔH2

06¼/kJ 3mol�1 �2890.06 �2869.14 �2892.96 �2882.12
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extent as the content of 1,4-dioxane in ternary solutions in-
creases; that is, the formation of the transition state becomes less
favorable as temperature increases but 1,4-dioxane favors its
formation.38 The quantity (Δμ2

06¼ � Δμ1
06¼) is the change in the

activation energy per mole of solute on replacing onemole of solvent
by one mole of solute in an infinite dilution, and hence according to
Feakings et al.38 Δμ2

06¼ > Δμ1
06¼, for solutes with positive viscosity B-

coefficients, indicates stronger solute�solvent interactions, thereby
suggesting the formation of transition state to be accompanied by the
rupture and distortion of the intermolecular forces in solvent
structure.38 The greater the value of Δμ2

06¼, the greater is the
structure-promoting tendency of a solute, and the positive values of
Δμ2

06¼ forCo(salen) in the different ternary solutions suggest it to be a
net structure promoter in the studied ternaries. The negative values of
ΔS2

06¼ andΔH2
06¼ for all the experimental solutions and temperatures

suggest that the transition state is associatedwith bond formation and
increase in order.

’CONCLUSION

In summary, ϕV
0 and viscosity B-coefficient values for Co-

(salen) indicate the presence of strong solute�solvent interac-
tions, and these interactions are further strengthened at higher
temperatures but decrease for a higher content of 1,4-dioxane in
the ternaries. Also, Co(salen) acts as a net methanol structure
promoter in the ternary solutions.
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