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Abstract The lattice-fluid hydrogen bond equation of state model(LFHB model) is used to correlate 'H NMR chemi-

cal shift of the proton in hydroxyl(—OH) of alcohol + inert solvent mixtures. The 29 sets of data for 17 systems are cor-

related using only one parameter. In addition, this parameter can be used to predict the chemical shift of mixtures at dif-

ferent temperatures.
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The relationship between spectroscopic data and statistical
thermodynamic theory interested many researchers. In 1953,
Gutowsky et al.!! proposed a relationship between them. One at-
testation for the theories is the ability to correlate and predict
spectroscopic data. Several approaches were proposed. The
chemical association theory®* is the most commonly used which
regards the equilibrium among all assumed complexes. The lo-
cal model in which physical and chemical effects are mixed is
regarded more as a physical model. There is still a third ap-
proach proposed by Levine, Perram™ and Luck!®, which focuses
only on the formation and rupture of hydrogen bonds for model
ing complex systems. Both SAFT” and LFHB EOS!" are based
on such assumption for hydrogen bonds in liquids, though their
thermodynamical treatment differs.

As previous work of our group, '"H NMR chemical shifts of
DMF+H,0!", NMA +CCl, and NMA+H,0"! were correlated by
chemical association theory. Deng et al." for the first time used a
simple local composition model to correlate the chemical shifts
of mixtures and successfully simultaneously correlated viscosity
and 'H NMR chemical shift for DMF-methanol systems!!. The
local composition model is also used to predict vapor-liquid
equilibrium!"® and viscosity!"”.. The SAFT theory has also been
applied to such studies on spectroscopy and satisfactory results
achieved!™. A detailed comparison of SAFT and Wilson local
composition model was also given!. As a comparison and sup-
plement we introduced LFHB EOS into our study and compare

it with the popular chemical association theory. With the one
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correlated parameter and parameters of the LFHB EOS, we also
try to predict the '"H NMR chemical shift of the mixture at differ-

ent temperatures.

1 Theory
Gutowsky et al. M presented such an assumption that the
measured chemical shift is a weight-average of all species shifts
due to the fact that the lifetime of a hydrogen bond is much
shorter than the NMR observation time. We assume that the
observed chemical shifts of the hydroxyl proton are due to two
species, 1. e., hydrogen bond OH proton and non-bonded OH.
Then the observed chemical shift is expressed as
Oops = X8 +Xit, Opi=(1—Xip)O+-Xip Oty 1)
Where x; and §; are molar fraction and chemical shift for non-
bonded OH. x;;, and &, are molar fraction and chemical shift for
hydrogen bond OH. x;;, is also called the hydrogen bond extent.

For pure alkanols,

= 2
= @
Where superscript 0 denotes pure material. Rewrite the above

equation, we can get

am.:%(a;;s —5) + 6 3)

s

If we can calculate the hydrogen bond extent (x,) in pure and
mixed systems, only &; remains unknown in equation (3). Thus
we can get 6; by correlating experimental chemical shifts of mix-
tures. In this paper, we try to use the LFHB model on chemical

shifts correlation. Firstly we will see how to get the hydrogen

Correspondent: LI, Hao-Ran(E-mail: lihr@zju. edu. cn; Tel: 86-571-87952424;
“The Project Supported by NSFC (20434020) and NSF of Zhejiang Province(RC01051)



1296

Acta Phys. -Chim. Sin.(Wuli Huaxue Xuebao),2005

Vol.21

bond extent, which is to be used in correlating NMR chemical
shifts, from the LFHB theory.

Invoking arguments originally proposed by Levine and
Perram®, Veytsman theorized that the properties of a hydrogen
bond fluid depended on the number of arrangements of hydro-
gen bonds in the system but not on the distribution of the associ-
ates™. Recently, Panayiotou and Sanchez!"! made a significant
step in this direction by incorporating the Perram-Veytsman the-
ory of hydrogen bond into the original Sanchez-Lacombe equa-
tion of state?. Tt can successfully calculate some thermodynamic
properties such as H® and VE##, Compared with Luck’s IR data®
of pure alcohols, the hydrogen bond extent in this theory shows
the perfect physical meaning. However the IR data for mixtures
are scarce and the whole concentration data are hard to get.
Hence when it comes to investigate the hydrogen bond in whole
concentration of the mixtures, the NMR chemical shift is a good
attestation®. It verifies that by incorporating the Perram-Veytsman
theory in the context of the Sanchez-Lacombe equation of state,
the LFHB yields considerable accuracy in the representation of
spectroscopy data besides phase equilibrium in hydrogen bond
fluids.

In LFHB theory, the partition function Q is divided into
chemical and physical terms,

0=0:0x “4)
Where Qp and Qy, are physical and chemical terms, respectively.

The physical partition function is taken from the original
Scanchz-Lacombe lattice fluid EOS?!. We can get the chemical
term by counting how the hydrogen bonds are distributed in the

lattice fluids by statistical theory,

S NG

kT

Ow= JrD— ) .Qexp

®)

Where g is the reduced density,  is the number of segments per
molecule. N is the total number of molecules in the system. N; is
the number of hydrogen bond formed by proton donor i and ac-
ceptor j in the system characterized by a free energy Gj and N,=
Y Nj is the total number of intermolecular hydrogen bonds. The
preexponential factor (2 is the number of different ways of dis-
tributing the hydrogen bonds in the system. Then if there is only
one kind of donor (presented in N,; as the first subscript 1) and
acceptor (presented in NV, as the second subscript 1), thus only one
kind of hydrogen bond can be formed in the system such as in

alcohols, we have

_ N!
@ (N=-N)! Nyl (N=Ny)! Ny! ©

G101: D +PV101 —TS{)] (7)
Where E}, =-25.1 kJ *mol ™, S, =—26.5 J-mol™ :K~, V!, =-5.6

cm?®+mol™. Also the first subscript 1 stands for the kind of donor,

the second subscript 1 stands for the kind of acceptor, and N,,
stands for the number of hydrogen bonds formed in the system.
In this model, the energy E},, entropy S}, and volume V7, of for
mation of a hydrogen bond are assumed to be constants and
identical to all 1-alkanols. The temperature influence on hydro
gen bond is included in the G}, as in Equation (7). They are com-
parable to the widely used values in various association models
and can be used successfully to predict a microscopic property,
the degree of hydrogen bond at different temperatures™!. This
selection of such values is, to some extent, arbitrary, and possi-
bly other sets of values would reproduce experimental data more

[22]

quantitatively!*!. Thus the chemical Gibbs free energy can be

derived,

]+21} ln”"’+2 vInt)(8)

Vio Vo

~yN{ Z Zu,,[1+ i +1n

Where 1;,-]-=4N" =LLX“" i pi= Nd
rN r

. The physical free Gibbs energy

of the system is just as that of the original S-L EOSP!),

CS VT BV T 1)1n(1—p)+—1np+2 ﬂlnﬂ} ©)
ks TT g

Where ¢, and w; are the segment fraction and the number of con-
figurations available to an r-mer in the closed-paced pure state.
Thus we can get the hydrogen bond lattice fluid EOS,

ﬁ2+13+711n(1—ﬁ)+ﬁ(1—%)]=0 (10)
Where j5, T and # are the reduced pressure, temperature and volume,

respectively. At the same time we can get the expression for v,

or we can write it as x,=rvi;,

G
RT (11

V1ol
Pure parameters listed in Table 1 are optimized for saturat-
ed liquid densities and vapor pressures.

If the pure parameters are used in the equation of state
(EOS), we can extract the hydrogen bond extent of the pure sys-
tem, xy, . If the mixed parameters under different concentrations
are used, we can get the hydrogen bond extent of the mixed sys-

tem, xy,. With the calculated xj, for pure alkanol and x,, for mix-

Table 1 Pure parameters

Compound T*/K p*/MPa p kg m?
hexane 476 298 775
CCl, 535 381 1790
heptane 487 309 800
cyclohexane 497 383 902
methanol 496 315 786
ethanol 464 328 826
1-propanol 478 320 858
1-butanol 494 320 863
1-pentanol 513 313 865
1-hexanol 534 301 867
octanol 552 301 872

* denotes the parameter for pure compound.
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tures at different concentrations from LFHB, we can now fit the
'H NMR experimental data to get the only one optimum §&; in

equation (3), with the following objective function,

413 )
Jﬁ\/ﬁ ; (6m]_ 60bs)

The &, can also be obtained from above calculation. Corre-

lation results are listed in Table 2, where AS and A8% stand for

(12)

the absolute and relative correlation root-mean square deviation
(RMSD), respectively. The correlation result shows good physi-
cal meaning for 8.

Furthermore, the chemical shift of non-hydrogen bond
proton is usually considered as a constant at common range of
temperature. Therefore using 6 at one common temperature we
can predict chemical shifts of binary system at other tempera-
tures. The butanol + cyclohexane system is taken as an example
for prediction as showed in Fig.1. The 6; correlated at 326.2 K is
used as a known parameter to predict chemical shifts at 307.2 K
and 347.2 K, respectively. The RMSD of prediction are 4.68%
and 2.72%, respectively, which is a little higher than those of

correlation.

2 Results and Discussion

In this paper the hydrogen bond lattice fluid theory is used

to correlate the chemical shift of the alcohol + inert solvent mix-

Table 2 Correlated results for alcohol + inert solvent

System T/K I AS A%  Reference
methanol+hexane 298.2 -0.59 0.24 6.65 [24]
methanol+hexane 308.2 0.19 0.30 9.00 [24]
methanol+hexane 318.2 0.17 0.17 4.72 [24]
methanol+hexane 328.2 2.30 0.18 4.43 [24]
methanol+cyclohexane — 324.2  196.93 Hz 1520 Hz 1.96 [3]
methanol+cyclohexane  331.2  128.82 Hz 20.69 Hz 2.84 [3]
methanol+cyclohexane  337.2 76.08 Hz 22.66 Hz  3.32 [3]
methanol+heptane 328.2 -117.70 Hz 23.12 Hz 2.66 [3]
methanol+heptane 3332 -186.69 Hz 26.15Hz 3.08 [3]
methanol+heptane 3372 -225.19 Hz 29.59 Hz 3.56 [3]
methanol+CCl, 298.2 0.39 0.14 4.33 [25]
methanol+CCl, 313.2 -4.61 0.03 1.08 [26]
ethanol+hexane 298.2 0.53 0.15 4.06 [2]
ethanol+cyclohexane 296.2 1.03 0.17 4.61 [2]
ethanol+cyclohexane 298.2 0.66 0.23 7.18 [27]
1-propanol+hexane 296.2 -0.12 0.10 2.35 [2]
1-propanol+cyclohexane  296.2 0.97 0.06 1.50 [2]
1-propanol+CCl, 308.2 -153.91 Hz 4.02Hz 1.21 [28]
1-butanol+hexane 296.2 -0.31 0.08 2.19 [2]
1-butanol+cyclohexane ~ 296.2 0.59 0.08 2.29 [2]
1-butanol+cyclohexane  307.2 3023 Hz 26.1 Hz 3.87 [2]
1-butanol+cyclohexane  326.2 38.74Hz 176Hz 1.82 [2]
1-butanol+cyclohexane ~ 347.2 38.62Hz 151 Hz 1.62 [3]
pentanol+hexane 296.2 -0.35 0.06 1.56 [2]
pentanol+cyclohexane 296.2 0.83 0.05 1.34 [2]
hexanol+hexane 296.2 -0.48 0.07 2.13 [2]
hexanol+cyclohexane 296.2 0.75 0.07 2.33 [2]
octanol+hexane 296.2 -1.06 0.06 1.62 [2]
octanol+cyclohexane 296.2 0.56 0.04 1.11 [2]
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Fig.1 Predicted and experimental chemical shifts of
butanol + cyclohexane

tures. Parameters for pure components are listed in Table 11,
All correlation results are listed in Table 2. For comparison we
carried out another correlation by equation (9) using 2 parameters:
O, and 8, which stand for the characteristic chemical shift of hy-
drogen bond OH proton and non-bonded OH, respectively. Al-
most the same results including the parameters are obtained. The
optimized value of &; is found to be physically meaningful for
characteristic chemical shift of non-hydrogen bond OH. This at-
tested the validity of correlation using only one parameter. With
the gotten parameter &, the 'H NMR at different temperatures
can be predicted.

Results are compared with chemical association theory. In
comparison with longer alcohols, the correlation is not so satis-
factory for methanol. The hydrogen bond extent in the mixture
calculated from LFHB and that from correlating the 'H NMR by
chemical association theory can be seen in Fig.2.

The hydrogen bond extent in methanol +hexane calculated
by LFHB is lower than that by the chemical association theory,
especially at dilute concentrations for X, around 0.1. While
hydrogen bond extents from both theories agree very well in

whole concentration range for butanol + cyclohexane. Therefore
1.0

*hb

methanol-+hexane, 298 2K from LFHB

04
®  butanol+eyclohexane, 307.2K from LFHB
----- methanol+hexane, 298 2K from CAT
02 butanolHcyclohexane, 307 2K from CAT
OO L L L L
0.0 02 04 0.6 0.8 1.0
Xalkanol

Fig.2 Comparison for the calculated hydrogen bond

extents from LFHB and chemical association

theory (CAT)
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+hexane system in Table 1 are not so good. It may be caused by 11 Panayiotou, C.; Sanchez, I. C. J. Phys. Chem., 1991, 95: 10090

12 Lei, Y.; Li, H. R.; Zhu, L. H.; Han, S. J. Acta Chim. Sin., 2002, 60
(10): 1747 [B %k, R, Adpte, Wi E. (h2E2E 4l (Huaxue
Xuebao), 2002, 60(10): 1747]

the strong cooperative effect in methanol at dilute concentration.

Thus it shows the cooperative effects will be very important for

some alcohols mixtures. 13 Zhang, R.; Li, H. R.; Wang, C. M.; Han, S. J. Acta Chim. Sin.,

Such results may also be due to the foreordainment of ac- 2003, 62(7): 667 [k 7&, 2R, FNEL, S, fhar Ak
cepted chemical parameters for hydrogen bond. We found hy- (Huaxue Xuebao), 2003, 62(7): 667]
drogen bond extents are more affected by the hydrogen bond 14 Deng, D.S.;Li, H.R; Yao, J.; Han, S. J. Chem. Phys. Lett., 2003,

376: 125
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parameters under certain pressure. For pressure at 101.325 kPa,

we give a tiny perturbation to chemical or physical parameters.
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fected by the chemical parameters and calculated densities are 16 Xu,Y.J;Li, H.R; Wang, C. M.; Ma, L.; Han, S. J. Ind. Eng.
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study on the parameters and how to get the chemical parameters 17 Xu,Y.J;Li, H.R; Wang, C. M;; Han, S. J. Chem. Eng. Sci., 2005,
for hydrogen bond. 60(13): 3621

18 Xu, B.; Li, H. R.; Wang, C. M.; Han, S. J. Acta Phys. -Chim. Sin.,
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