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Group Contribution Values for the Thermodynamic Functions of Hydration at
298.15 K, 0.1 MPa. 4. Aliphatic Nitriles and Dinitriles
Andrey V. Plyasunov,*' Natalia V. Plyasunova$ and Everett L. Shock'*

Department of Geological Sciences and Department of Chemistry and Biochemistry, Arizona State University,
Tempe, Arizona 85287, and CrystalTech Web Hosting, Inc., Phoenix, Arizona 85014

A compilation of experimental values of the infinite dilution partial molar Gibbs energy, enthalpy, and heat capacity
of hydration together with partial molar volumes in water at 298.15 K and 0.1 MPa is presented for aliphatic
nitriles and dinitriles. These data are treated in the framework of the first- and second-order group additivity
methods. Thermodynamic properties are determined for the first-order CN group and for the following second-
order groups: C-(CN)(C)(H) C-(CN)(Ck(H), and CN-(C). The relatively long-range dipeldipole interactions

of two terminal nitrile groups require additional correctiofi€N-(CH,)2-CN} corr and { CN-(CHy)3-CN} ¢orr, for

lower dinitriles. New experimental studies of aqueous branched mononitriles and lower dinitriles (particularly
propanedinitrile) are required to expand the usefulness and accuracy of group contribution models for aqueous
nitriles.

Introduction of a standard aqueous solution and that in the ideal gas state.

. R . . The standard-state conventions adopted in this study for gaseous,
Aliphatic nitriles are organic compounds having the structural liquid, and aqueous compounds are those recommended by
unit R—C=N, where R represents any alkyl group. Nitriles are IUPA,C 3

used for production of polymers and for the synthesis of

pharmaceuticalls and pe.sticiéléxecause n_itrile groups can pe Auxiliary Data for Pure and Aqueous Compounds
converted relatively easily to other functional groups. Nitriles dard Gibbs E £y o i p

are stable in water at moderate temperatures; however, they are Standard Gibbs Energy of Vaporization of Pure Com-
hydrolyzed in strong solutions of either acids or bases. pound_s.T_he necessary \_/aIue_s of the s_tandard Gibbs energy of
Thermodynamic properties of these compounds in water are Of\(/;a_lggnzatlon,AV?pG » which give tg? dﬁfer_gnc? between th(; .
interest for environmental sciences, medicine, agriculture, Ibbs energy of a pure compoun In the ideal gas state and In
chemistry, geochemistry, and biology. This contribution is a the liquid state, were calculated from saturated vapor pressures,

continuation of our efforts (see, for example, ref 2) to provide s @nd second virial coefficient&z,, according to

an up-to-date compilation of thermodynamic properties of P o

hydra_ltion_ of organic cqmpounds an_d to determine group AuG° = —RTIn s‘fZ 1)
contributions to the functions of hydration of these compounds P

at 298.15 K and 0.1 MPa.

This work is organized as follows. First, a database of
thermodynamic functions of hydration for aliphatic mono- and
dinitriles is compiled. Second, the database of compiled data is B..P
used to derive optimal values of the contributions of the ¢’5=ex;{ I;ZTS) 2)
functional groups in the framework of the first- and second-
order group contribution methods. The following standard partial The values oy, are evaluated from the Tsonopoudi@sd
m_olar thermodynamic functions of hydration are the focus of Poling et af and/or HayderO’Connelf corresponding-states
this study: the Gibbs energy\nG”; enthalpy, AsH"; heat correlations. Experimental vapor pressuPg,and enthalpy of
capacity AqCp”; and volumeAnV™ = V5. Any thermodynamic yaporization, AyaH*, data from the literature were used to

function of hydration for a compound represents the difference getermine, by the simultaneous fit of these data, the parameters
between the value of the property for this compound in the state (A, B, C) of the Antoine equation, which was taken in the fdrm:

whereP° = 0.1 MPa is the standard state pressure, ¢hd
stands for the fugacity coefficient of a pure compound:
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Table 1. Antoine Constants in the Equation logPy¢/bar) = A — B/{(T/K) + C — 273.15

compound A B C temperature range/K data sources
acetonitrile 4.4285 1436.94 243.31 27800 po-14
propanenitrile 4.4366 1492.45 239.61 29M0 Pgl0.14-16
butanenitrile 4.2816 1467.95 225.74 274815 P, 1417719 A0 H20
2-methylpropanenitrile 45481 1566.94 241.31 23880 Ps,15 AyapH?0
pentanenitrile 4.2054 1501.07 216.61 29180 P, 1416 A pH?0
hexanenitrile 4.2337 1593.56 213.21 29165 Py, 14:16.18.19A, , H20
octanenitrile 4.5089 1872.05 211.69 28080 P, 2119144, 3 H?0
butanedinitrile (solid) 5.5854 2735.64 233.74 27331.3 ps29a
butanedinitrile (liquid) 47921 2432.84 225.38 331450 2
pentanedinitrile 4.5055 2247.15 212.36 2870 29
hexanedinitrile 4.7414 2497.61 219.86 2870 29

aPs data correlated and/or predicted by the method of “thermodynamically controlled extrapolation”, see text.

the value of the derivative (d IRJ/dT) as follows: checking the consistency of data. For example, an attempt to
. fit togetherPs data for hexanedinitrile from refs 29 and 30 over
dinPy Ay the temperature range 285 to 430 K resulted in the fitted value
T = (@) ki € 285 10 430 K resu
dT 1+ Py(B,, — Vi)IRT of AvaflCy = —38 FJK~tmol™*, which is in poor agreement

with the calorimetric valueAvapC;(298.15) = —-74 + 10
where \ is the molar volume of a liquid nitrile. The resulting ~ J"K™*mol™* calculated using GC methods’” However,Ps data
parameters of the Antoine equation, together with sources of for hexanedinitrile at 285 to 380 K from a single souftare
data and the temperature ranges of validity, are given in Table consistent withA,,,C; = —85 JK~-mol™, in reasonable
1. Experimental and fitted values of the vapor pressureBand agreement with the calorimetric value. Therefore, data from ref
of the studied compounds are accessible in the ORCHYD 30 were excluded from consideration, and the final fit was done
databas®at http://orchyd.asu.edu. using onlyPs data of ref 29 with the fixed value akva,Cp =

For mononitriles Ps values are available from a number of ~—74 JK™:mol"%. _

sources and are often accompanied by the calorimetrically ~For butanedinitrile, accurat®s values are available only
determined enthalpy of vaporization so the consistency of dataPelow the melting pointTy, = 331.3 K3 These data were
can be easily checked. The situation is different for dinitriles. fitted by eq 6 with the resulting parameteas= 190.613
Accurate vapor pressure values are available, as a rule, from aK~*mol™%, b = —85317 JK~2mol™, andAsuC; = —53.1
single source and over a limited temperature range. Additional &*K~**mol™* (a fixed value, calculated from the experimefital
data are reported as boiling points with unknown accuracy. In C(S, 298.15)= 145.6 JK~mol™* and the group contribu-
this situation, a method of “thermodynamically controlled tion* Cy(id gas, 298.15)= 92.5 JK™-mol™%). Parameters of
extrapolation” (see refs 2224) was employed for correlating €4 6 forvapqr pressures of butanedinitrile over the liquid phase
vapor pressure data. Using this method for the process of¢an be predicted fros = 1.6310° MPa atT = Tn, where

equilibrium vaporization, one writes vapor pressures over liquid and solid phase; are equal, and the
knowledge of the standard enthalpy of vaporizatitH®, at
o(Ty — o T o _ T = Tm, where the following relation betweef,,H°, the
A, G =A T)+ A, C dT m k ! vaj
vap M VapH (T) fn vap p(T) standard enthalpy of sublimatiotys,H°(T = Ty) = 67.73
T Aya Co(T) kJmol~1, and the enthalpy of fusiompsH = 3.70 kmol~1,31
T(AvapSo (T)+ j;—r TdT (%) holds:
where theAypH°(T;) and AyapS’(T,) stand for the standard Ay H(T) = AgyH(Ty) — AgH @)
enthalpy and entropy of vaporization at the reference temper-
ature T, = 298.15 K, andAy,Cy(T) is the standard heat The resulting parameters of eq 6 for vapor pressure over liquid

capacity of vaporization. Experier’é@* shows that over a  butanedinitrile are as followsa = 190.955 K ~*:mol™%, b =
limited temperature range, say between 273 and 370 K, one—85067 JK~2-mol~%, and AvalCy = —63.5 JK~1mol™! (a
usually can neglect the temperature dependence of the standartixed value, calculated fror€(l, 298.15)= 156 JK~*mol?,
heat capacity of vaporization and use an approximatior/that based on experimental results after a 35 K temperature
Co(T) ~ AvalCo(Ty). A reliable value ofAqiC;(298.15 K) may extrapolation, and the group contributfrCy(id gas, 298.15)
be calculated from calorimetric data or estimated using the group= 92.5 JK~1-mol1). PredictedPs values are compared in
contribution (GC) values for the heat capacity of a compound Figure 1 with results reported as boiling points in the Merck
in the ideal gas sta&@2®and in the liquid®28 state. The resulting  IndexXé? and in ref 33. The agreement is with % ofPs values
correlating equation has a for#f: at 387 K and within 12 % at 458 K, thus confirming the power
of the method of “thermodynamically controlled extrapolation”
of vapor pressure data.

For propanedinitrile (malononitrile), there are two sets of
vapor pressure data over a solid ph#s&Results of these two
wherea = AvapS’(Tr) — AvagCp andb = —AvapH°(Tr) + TrAvap studies are not consistent with each other, Witlvalues from
Cp. Only two parameters are to be determined from the fit of ref 34 being approximately two times higher thanfrom ref
Ps data as compared with three parameters for the case of the35. Neither set of data can be made consistent with boiling points
Antoine equation. Therefore, eq 6 provides a more robust reported in the literature for liquid malononitrile after applying
determination of fitting parameters, and as a thermodynamically the procedure described above for butanedinitrile, with the
based equation, it is better suited for the temperature extrapola-difference inPs values around 400 K being approximately 2
tion of vapor pressure values. Equation 6 can also be used fortimes when using data from ref 35 and more than 3 times when

P
Rlnp—fz a+$+ A\,apC;In_II_ (6)
r
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Figure 1. Vapor pressure over crystalline (solid line) and liquid (dotted

line) butanedinitrile, see textd, Woodman et ak? 0, Smiley and Arnoldf3
@, Merck Index3?

employing data from ref 34. The reasons for inconsistency of
Ps over solid and liquid phases of malononitrile may be
various: there are at least four crystalline modifications of
propanedinitril8®and a number of premelting phenomena,
including a first-order phase transition, are reported in the
literature3” Therefore, propanedinitrile was excluded from
consideration.

Note that the measurétvapor pressures over solid butane-
dinitrile and liquid pentanedinitrile at 298.15 K are very close:
1.0210% MPa and 1.09.0-® MPa, respectively. The calculated

simplify calculations, the following counting rules are ap-
plicable® the CH; group is equal to 1.5 CHgroup; the CH
group is equal to 0.5 CHgroup. Therefore, the following
interactions have to be considered for aqueous solutions of
nitriles: CH-CH,;, CN-CN, and CH-CN. The numerical
values of the binary parameters for the relevant interactions at
298.15 K, determined from available experimental information,
are given in Table A3 of the Appendix. The temperature
dependence of th&; coefficients over a limited temperature
range, say at (273 to 323) K is given by

_ {Gi(T) 1 1
o)

r

(10)

whereT, = 298.15 K andH;; stands for excess enthalpy iofj
interactions. The numerical valuestgf for the CH-CH,, CN-
CN, and CH-CN interactions were determined from available
calorimetric data and are given Table A3 of the Appendix.

Data Compilation

A major part of this contribution is the compilation of a
database of thermodynamic properties of aliphatic nitriles in
aqueous solution at infinite dilution. The procedures for convert-
ing primary data of different types into functions of hydration,
as well as the critical evaluation of the data, were described

vapor pressure over liquid butanedinitrile at this temperature earlier? All of the primary data on the functions of hydration

(with corrections for the enthalpy of fusion and the heat for aliphatic mono- and dinitriles are accessible through the
capacities of phases) is only 10 % higher than that for ORCHYD databas&The database also includes recommended
pentanedinitrile. Typically, for long-chain members of a ho- properties of hydration, standard thermodynamic properties in
mologous series, the addition of one methylene group decreasesqueous solution, thermodynamic properties of pure compounds
thePg(298.15 K) by more than 3 times. For dinitriles, containing in the ideal gas state and in the state of condensed phases stable
strongly polar terminal CN groups in close proximity, the at 298.15 K, 0.1 MPa, and properties of vaporization and
decrease in theéPs value is expected to be much weaker. auxiliary properties of pure compounds. The following sections
Nevertheless, a mere 10 % difference between vapor pressurgrovide brief discussions of each of the thermodynamic proper-

of consecutive members of a series is very unusual and mayties used in the present study.

call for further investigation of the thermochemical properties
of lower dinitriles.

Estimation of Actiity Coefficients of Nitriles in Aqueous
Solutions. Conversion of nitrile-water mutual solubility data
into the values of the Gibbs energy of hydration of solutes
requires estimates of activity coefficientgy o, for nitriles

dissolved in water. For moderately soluble compounds, the

Savage-Wood GC methotf-3%for estimating excess properties
of organic compounds in water was employed. This method
takes into account only binary interaction contributions to the

Standard Partial Molar Enthalpy of Hydration at 298.15
K, 0.1 MPa.As was discussed elsewhérthe most accurate
values of the standard partial molar enthalpy of hydratgi*,
are obtained by combining the calorimetrically determined molar
enthalpy of solution in waterAsqH®, and the standard molar
enthalpy of vaporizationAvapH®, according to the relation

AhHm = AsoIHoo - Ava\pHo (11)

In the absence of calorimetric data, the valué\gfH* may be

excess Gibbs energy of a system (i.e., it presupposes the lineag, ayated from temperature-dependent standard molar Gibbs

molality dependence of Ipm 2) according to

2g,;m
RT

INyp2= 8
wheregyx is the nitrile—nitrile binary self-interaction coefficient.
This linear concentration dependence o’k is a reasonable
approximation for many nonelectrolytes in water up to molality
one or even slightly higher. In the Savagé&/ood formalism,
there is the following GC approximation to estimajg:

RT

wheren; andn; represent the number of groupandj in two
interacting molecules of organic compounds in waBgrstands
for the excess Gibbs energy of &nj interaction, and\,, ~
55.5084 is the number of moles ot® in 1000 g of water. To

energy of solutionAs,G®, results by means of
" A, G"IT
AGH” = _TZ(S?;—T).O (12)

Values of AsoH® obtained in this way refer to the middle of
the temperature interval of the availability Af,G®, and they
are recalculated td, = 298.15 K as follows:
AsoIHm(Tr) = AsoIHm(T) - AsoIC(F))Q(T - Tr) (13)
where the standard partial molar heat capacity of solution is
defined asAsoC, = C,, — CX(I), with C, being the standard
partial molar heat capacity of a compound in water &jd)
being the molar heat capacity of a pure compound in the liquid
state. Over a limited temperature range, say (273 to 323) K,
one can assume tha‘tSmC‘; is constant. In the absence of
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Table 2. Enthalpy of Hydration of Nitriles at 298.15 K and 0.1 MPa, Experimental and Group Contribution (GC) Values

AyapH® ApH® A A
accepted 1st order 2nd order
compound kdmol~t kJmol~1 value GCvalue  kdmol'!  GCvalue kdmol~1

acetonitrile 33.406: 0.6720 —34.90 Cal0 —34.91 Hx 41 —34.91+ 0.70 —35.34 0.43 —34.91 0.00

—35.01 Cat2—34.84 Cal'3

—35.0 HP# —34.66 Cal®

—34.89 H¥46 —34.94 HX47

—34.96 Calt® —34.99 Caf®
propanenitrile 36.19 0.37° —39.56 H* 41 —39.48 Hx 46 —39.52+ 0.40 —38.96 —0.55 —39.21 —0.31
butanenitrile 39.4%1 0.400 —41.80 H* 46 —42.56 Cal® —42.12+ 0.60 —42.60 0.48 —42.73 0.61
2-methylpropanenitrile ~ 37.22 0.372°  —40.02G>(T)%! —40.02+ 1.5 —42.22 2.20 —40.02 0.00
pentanenitrile 43.64 0220  —45.64G=(T)5L —45.64+ 1.5 —46.23 0.59 —46.25 0.61
butanedinitrile 66.0t 2.07 —58.2G>(T)*? —58.2+ 2.5 —58.2 0.0 —58.2 0.0

69.5+ 1.7

pentanedinitrile 67.% 1.0¢ —65.6G(T),53 —62.4G>(T)5 —63.5+25 —63.2 -0.3 -63.3 -0.2
hexanedinitrile 70+ 1.5 —66.6G>(T)>® —66.6+ 2.5 —66.9 0.3 —66.8 0.2

aEvaluated fromPs(T) data, see Table 1. Our estimate of uncertaib§ublimation data.

Table 3. Partial Molar Heat Capacity of Hydration of Nitriles at 298.15 K and 0.1 MPa, Experimental and Group Contribution (GC) Values

Cuo(9) AnCp A A
accepted 1sr order 2nd order
compound K~1-mol?t JK 1mol? value GC value IKL-molt GC value AJKl-mol!
acetonitrile 52.% 138Cakf’, 138CaP8, 140+ 7 140 -6 140 0
158CaP°®
propanenitrile 73% 211Ca¥’ 211+ 6 211 3 211 0
hexanenitrile 1485 399 Caf° 399+ 16 394 5 397 2

aEstimated from the plot in the papéGroup contribution method.

calorimetric values o€~ »2» ONe can use a GC estimate without whereN,, = 1000M,, ~ 55.5084 is the number of moles of
introducing a serious error into the temperature dependence ofH20 in 1000 g of waterM,, = 18.0153 gmol~* is the molar
AsoH®. mass of water:

Results of data evaluation fa,H* are summarized in Table

2. The third column gives compiled values &fH* together AG = RTIn( RT 1) (16)
with abbreviations employed to indicate the type of data n P°V; N

converted to the\pH* value: AsoH” denotes values based on

the enthalpy of solution, ¥ stands for values obtained from whereKp . is defined as

excess enthalpy of mixingi3*(T) denotes values based on '

temperature differentiation &fs,G> with eq 12. The accepted o(g)

values of AhH> together with their expected uncertainties are Kpe= c(aq)—»O oaq)

given in the fourth column.

Standard Partial Molar Heat Capacity of Hydration at
298.15 K, 0.1 MPaThe values of the partial molar heat capacity
of hydration,AhC‘;’, are calculated as

with ¢ standing for the concentration per 1000%wf solvent,
V; being the molar volume of pure waté?; = 0.1 MPa is the
standard pressure, and

AC,=C

p2 — Cylig) (14)

AG = RTIn(EO i) 17)
WhereCE,"'2 is the partial molar heat capacity of a nitrile at PN,
infinite dilution in water, evaluated from calorimetric determina-
tions, andC; ,(ig) is the molar heat capacity of a compound in
the ideal gas state, which is available from thermodynamic
tabulation8® or can be estimated using GC meth&t& The k, = lim f;
results of data evaluation for the standard partial molar heat

x—0 X
capacity of hydrationAhC‘;’, are given in Table 3. Values that

with

are considered to be the most reliable are given in bold.
Standard Partial Molar Gibbs Energy of Hydration at

298.15 K, 0.1 MPaThe primary data related to the standard

partial molar Gibbs energy of hydration,G>, of nitriles are

where f, stands for the fugacity of a solute (2), ards the
mole fraction of a solute in the liquid phase.

A major source of information is the nitrifewater mutual
solubility data,ms andxs, wherems stands for the molality of a

compound dissolved in water argistands for the mole fraction
of a solute liquid saturated with water. The following staterhent
gives the relation betweem, xs, and AyG™:

reported as mutual solubility values, activity coefficients at
infinite dilution, y*, gas-water distribution constants in the
molarity concentration scal&pc, and Henry's law constant,
ky. The following relations connect the reported quantities and

ARG, seé: AGT = AyG” — Ay G (18)

vap

where the standard molar Gibbs energy of solutibg,G*, is

AG” = /
given by

—A G°+RTIn( °°) (15)

vap
w
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(”ijo)ﬁ/m,z

A,G” = —RTIn Xt

(19)

whereynm 2 stands for the activity coefficient of a solute in the
saturated aqueous solution referenced to Henry's’lamd f, »

is the activity coefficient of a liquid solute saturated with water
referenced to Raoult’s lam, = 1 mrkg~2. Values of fx, were
calculated using the UNIQUATCmModel, with the UNIQUAC
parameters taken from ref 61 or evaluated by us from composi-
tions of coexisting phases. The valuesygf, were calculated
using the SavageWood?®3 model, as explained above. In
general, the SavagéVood GC model should not be used for
systems where the concentration of a solute in the water-rich
phase exceeds 1-ky1; however, it was employed for the
treatment of data in the butanedinitritevater systems, where
the saturation molalities may approach Zgr?. In this case,

the uncertainty in the correction for nonideality of the aqueous
phase may result in an error of up # 1 kJmol™! in the
calculatedArG> value.

mutual solubility dataky denotes Henry’s constants. Accepted
values ofApG®, together with their estimated uncertainties are
given in the fourth column. For most compounds the assigned
uncertainty represents our judgment of the accuracy of the
available data. More information related to the critical data
evaluation (the method used, primary data reported, estimated
uncertainty, comments) is available in the online database at
http://orchyd.asu.ed¥.

Standard Partial Molar Volumes at 298.15 K, 0.1 MPa.
Published values of the standard partial molar volum&s,
obtained using the vibrating-tube densimeter, are given in Table
5. Accepted values 0¥ together with their estimated uncer-
tainties are given in the third column.

Determination of Group Contribution Values to the
Thermodynamic Functions of Hydration of Aliphatic
Nitriles at 298.15 K, 0.1 MPa

First-Order Method. In the framework of the first-order
method, in which the properties of a group are assumed to be

In cases where experimental data are reported at temperaturegydependent of the neighboring groups and atoms, aliphatic

others than 298.15 K, the resulting values &fG™ were
recalculated to 298.15 K using the approximation m@(t‘;’(T)
= AnC,(298.15 K)= const. The following relatichis consis-
tent with the approximation thaxhcg’ = const:

0 0 TI’ 0 T - Tr
AGT(T) = AG (MT + AH(T)—+

r

o) T
AthT(T In?r T+ Tr) (20)

whereT, = 298.15 K.

Results of data evaluation for the standard partial molar Gibbs
energy of hydrationAnG®, at 298.15 K, 0.1 MPa are presented
in Table 4. The third column gives compiled values/G~

nitriles under consideration can be constructed from,CHH,,
CH, and CN groups. The thermodynamic properties of the, CH
CH,, and CH groups were determined earfiend those of the
nitrile, CN, group were found by least-squares fit of compiled
data for mononitriles using the relation:

Y=Y, + Z nYy, (21)

wheren; stands for the number of times thh group is present

in the compound, andf; is the contribution of théth group to

a thermodynamic property, Y. The first term on the right-hand
side of eq 21yY,, is equal toY for an imaginable compound
without any groups at all (i.e., for a material poinY), values

together with abbreviations employed to indicate the type of for various functions of hydration can be calculated from the

data converted to th&,G™ value: y® denotes activity coefficient
at infinite dilution; Kpc means the gaswater distribution

thermophysical properties of pure water (see PlyasunovZt al.
for details). Results are presented in Table 6. For each group,

constant in the molarity scale; Sol denotes values evaluated fromthe value of the GC is given together with its uncertainty at the

Table 4. Gibbs Energy of Hydration of Nitriles at 298.15 K and 0.1 MPa,

Experimental and Group Contribution (GC) Values

Avale° ARG A A
accepted 1st order 2nd order
compound kdnol1 kJmol-1 value GCvalue kdmol~? GCvalue kdmol?t
acetonitrile 5.36£ 0.0  —9.02ky,%2 —9.01ky,*tP —9.65K)p,53 —9.04+0.25 —8.57 —0.47 —9.04 0.00
—9.17y",64¢ —8.72Kp,85 —9.11 > 660
—9.84ky,67d —9.59y= 68 —9 35y 69
—9.10y%,70¢ —8.72Kp, "L —8.79y" 72
—9.82|(H,73d —8.66y°°,74b, —9.10y°°,75f
_8_81kH76
propanenitrile 6.96- 0.1 —7.87ky,*19—7.95 Sol’” —7.23 Sol19 —7.91+0.20 —7.87 —0.04 —7.90 —-0.01
—7.86y~ 88 —8.02y>,59 —8.04 Sol68¢
—7.96 Sol799 —8.06 Sol8® —8.11ky8t
butanenitrile 9.06t 0.1* —6.4Kp,82—7.02 Sol1d —7.25y~,68 —7.184+0.30 —-7.17 —-0.01 —7.22 0.04
—7.14y 89 —7.16 Sol83 —7.30ky8!
2-methylpropanenitrile 7.66 0.1 —5.91 Solfld —5.46y%,68 5,81, 69 —5.70+ 0.30 —6.62 0.92 —5.70 0.00
pentanenitrile 11.468-0.1% —6.83 Sol1d4 —6.48y~,68 —6.55y~ 69 —6.50+0.30 —6.47 —0.03 —6.54 0.04
—6.05 Sof
hexanenitrile 14.02 0.1 —6.02y~,59—6.90 Sof® —6.14+ 0.60 =5.77 -0.37 —5.86 —-0.28
octanenitrile 19.43 0.1 —3.08 Sokh —9.24 Sot5d —4.34+25 —4.37 0.07 —4.50 0.20
butanedinitrile 28.11% 0.3* —28.30 SoFf3i —28.17 Soizk —28.2+0.8 —28.2 0.0 —28.2 0.0
28.474+ 0.154
pentanedinitrile 28.1%0.13* —28.00 SoF3—27.86 Sot! —27.93+0.7 —27.9 0.0 —27.9 0.0
hexanedinitrile 31.16:0.13 —29.29 SoB® —29.5687d—29.59 Sot>m —29.47+ 0.7 —29.6 0.1 —29.8 0.3

a Calculated fronPs data from Table 1 and values B§, evaluated using corresponding-states correlatfioh@ur estimate of uncertainty.Recalculated
from 323.15 K.¢ Recalculated from 310.15 K.Recalculated from 293.15 K.Recalculated from 308.15 KRecalculated from 333.15 K.Recalculated
from 303.15 K." Recalculated from 353.15 K Sublimation value! Recalculated from 305 K< Recalculated from 290.15 KRecalculated from 308.0 K.

M Recalculated from 294.75 K.
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Table 5. Standard Partial Molar VVolumes of Nitriles at 298.15 K and 0.1 MPa, Experimental and Group Contribution (GC) Values

accepted 1storder 2nd order

compound Vg/cmi-mol~t value GC value Alcmé-mol~t GC value Alcmimol~t
acetonitrile 47.415746.9088 47.338947.429047.46° 47.35+ 0.2 48.02 —0.68 47.34 0.0
propanenitrile 64.407 64.34° 64.37+ 0.3 63.75 0.62 64.70 —0.33
butanenitrile 80.5% 80.59+ 0.5 79.48 111 80.31 0.28
pentanenitrile 96.73 96.73+ 1.0 95.21 1.52 95.92 0.81
hexanenitrile 111.69111.9%0 111.76+ 0.5 110.94 0.82 111.53 0.23
octanenitrile 146.18 146.18+ 2.0 142.40 3.78 142.75 3.43

Table 6. Numerical Values of the Group Contributions to Each Thermodynamic Function of Hydration at 298.15 K and 0.1 MPa Together
with Their Uncertainties at the 0.95 Confidence Level for the First-Order Method?

ARG® ApH® AhC; V3

group or

correction kdmol—1 kJ-mol~1 JK~1-mol~t cm-mol~t
Yo 7.9% —2.29 o° 1.12
CN —20.194 0.42 %) —25.03+ 0.66 (5) 15+ 5 (3) 22.314 0.80 (6)
{CN-(CH,)2-CN} corr 2.83+1.0 1) 1.4+2.7 1) no data no data
{CN-(CHy)3-CN} corr 2.40+ 0.9 (1) ~0 (1) no data no data
CHs 3.67+£0.07 —8.02+ 0.2% 131+ 4P 25.494+ 0.79
CH; 0.70+ 0.04 —3.63+0.1F 624 20 15.73+ 0.13
CH —-1.72+0.1@ 1.14+ 0.62 —6+ 8P 6.43+0.80

aThe number of compounds containing the selected group for each property is given in pareftfiekess from Plyasunov et &l.

Table 7. Numerical Values of the Group Contributions to Each Thermodynamic Function of Hydration at 298.15 K and 0.1 MPa Together
with Their Uncertainties at the 0.95 Confidence Level for the Second-Order Metho#l

AnG°® AnH® AnCy V3

group or

correction kdmol~* kJmol™* JK~1mol™* cme-mol~t
Yo 7.95 —2.29 0 1.12
C-(CN)(C)(H) 1.144+0.20 (5) —4.30+1.44 3) 71+ 2 2 17.36+ 0.79 (5)
C-(CN)(Cx(H) —0.38+0.28 (1) 3.08+ 3.09 (1) no data no data
CN-(C) —20.71+0.18 @) —24.43+ 1.31 (5) 8+1(3) 20.66+ 0.53 (6)
{CN-(CHy)2-CN} corr 2.99+0.9 (1) 1.6+ 3.2 (1) no data no data
{CN-(CHy)3-CN} corr 2.58+ 0.8 (1) ~0 (1) no data no data
C-(C)(H) 3.72+0.07 —8.19+ 0.18 1324 4b 25.56+ 0.64
C-(Ce(H)2 0.68+ 0.0 —3.52+ 0.09 624 2° 15.614+0.12
C-(C)(H) —1.93+0.18 2.344+ 0.54 —-174+ 10 5.96+ 0.80°

aThe number of compounds containing the selected group for each property is given in parenthémess from Plyasunov et al.

0.95 confidence level. In parentheses, the number of compoundsgroups are separated by four methylene groups. Results for the
containing the selected group is listed. enthalpy of hydration have larger uncertainties, and the calcu-
Dinitriles were intentionally excluded from the first-order fit lated dipole-dipole contributions are equal to 14#42.7,—0.3
of data. The problem is that the polyfunctional compounds may 4+ 2.7, and 0.4+ 2.7 k3mol~! for butane-, pentane-, and
successfully be “constructed” from the first-order groups only hexanedinitrile, respectively. In principle, theoretically based
in cases where polar groups are widely separated from eachterms for multipole interactions can be added into GC mod-
other in the structure of a compound. Wide separation is els?92although the implementation is not simple. In this work,
necessary owing to the multipole (mainly dipeldipole) the choice was made to introduce the corrections to the
interactions between polar groups in polyfunctional compounds properties of lower dinitriles (see Table 6).
(i.e., interactions that are absent in monofunctional compounds). Second-Order MethodThe Benson notation for the second-
The dipole-dipole interactions are expected to fall off ap- order GC metho#-?3is used: first the polyvalent atom (or group
proximately as the inverse cube of the distance between dipolesof atoms) is identified, followed by its “ligands”, or immediate
and, as experience shows, may be neglected in cases where polareighbors. For example, C-(k{T) represerst a C atom con-
groups in the structure of an organic compound are separatechected to three H atoms and another C atom, and CN-(C)
by more than four or five methylene, GHgroups. The represents the nitrile group connectedatC atom. The groups
interactions between dipoles decrease the strength of theirnecessary to represent the selected set of compounds are as
binding with water, and as a result, the Gibbs energy of follows: C-(C)(Hj, C-(Ckh(H)2, C-(Ck(H), C-(CN)(C)(H),
hydration of short-chain polyfunctional compounds is more C-(CN)(Ck(H), and CN-(C). Following existing practiégSthe
positive than the corresponding sum of the first-order groups. identity of the second-order groups C-(CN)gtnd C-(C)(H)
The magnitude of the dipotedipole effects in nitriles can be  was accepted.
calculated as the difference between experimental thermody- The thermodynamic properties of the C-(C)Y{H}-(Ch(H)2,
namic functions and values calculated using “mononitrile” group and C-(C)(H) groups were determined earlfegnd those of
contributions. For the Gibbs energy of hydration, the difference the remaining groups were found by least-squares fit of compiled
is 2.834 1.0, 2.40+ 0.9, and 0.16 0.9 kkmol~1 for butane-, data for mononitriles using the relation given by eq 21. The
pentane-, and hexanedinitrile, respectively. As expected, theresults are presented in Table 7. Again, for each group the value
difference is minimal for hexanedinitrile, where two polar nitrile  of the group contribution together is listed together with its
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uncertainty at the 0.95 confidence level. In parentheses, the Straightforward thermodynamic manipulations give the fol-
number of compounds containing the selected group is given. lowing relations for the osmotic coefficient of a solutiaf,

The quality of data description is higher in the case of the

sec_ond-ord_er method because three new groups are employed p=1+ i-l-(m'gAA-i_ 2megapnt -..) (A2)

for in the fit rather than one as in the case of the first-order R

method.

For reasons outlined above, a quantitative description of data
for dinitriles requires introduction of corrections for dipele
dipole interactions between terminal nitrile groups. The mag-
nitudes of these corrections are close to those obtained for the - - ,
first-order method. These corrections, which are necessary fora‘nd for the activity coefficientfa (_r eferenced to Raoult's law
butane- and pentanedinitrile, are listed in Table 7. and the mole fraction concentration scale):

for the activity coefficient,ya (referenced to Henry’s law):

RTIN yp = 2:Mgapn + 3 M Gupa+ ... (A3)

Discussion and Recommendations RTIn f,=RTIny” + RTIn(l + Nm) +2:mguat+
Thermodynamic properties of straight-chain mononitriles in
aqueous solution are relatively well investigated. However, for
branched aqueous nitriles data are reported only for 2-methyl- o - - R I
propanenitrile and only for the Gibbs energy. (Stephefison wherey is the activity coefficient at |nf|n|te dilutionN,, ~
measured aqueous solubility for 4-methylpentanonitrile, but the 22-5084 is the number of moles of,@ in 1000 g of water.
sample studied was a mixture of isomers with less than 80 9 The se(_:ond term on the right-hand S|_de of eq Ad is _the
4-methylpentanonitrile, so these data were not considered.)CONversion factor from the mole fraction to the molality
Additional experimental investigations of aqueous branched concentration scale. _ .
nitriles would be useful for the determination of the contributions ' N€ temperature dependence of the Gibbs energy virial

W,

3mgaant - (Ad)

of the second-order groups C-(CN)§(J) and C-(CN)(C). coefficientsgaa and gaaa is given by the following relations:
All experimental data for dinitriles are limited to mutual (G T)
solubilities of water-dinitrile systems. The concentrations of haa = — TZ(EI;—T) (A5)

water and solutes in coexisting phases are high; therefore, the
corrections for nonidealities of coexisting solutions are rather
uncertain. For propanedinitrile and butanedinitrile an organic-
rich liquid-phase exists below the melting temperature of the (GaadT)

pure dinitrile. All these circumstances limit the usefulness hapa= —TZ(L) (AB)
of solubility data for the determination of the standard thermo- T e

dynamic functions of hydration of dinitriles. In such a situa-
tion, experimental determinations of Henry’s constants or
gas-water partition constants, which can be performed in dilute
solutions and do not require the knowledge of the vapor pres-
sure of a pure compound, will be particularly valuable.
Calorimetric and densimetric studies of aqueous solutions of
dinitriles are also needed. It is expected that the thermodynamic
properties of hexanedinitrile and higher dinitriles can be o — 2

predicted without any additional corrections for dipetéipole La = PaafM + aa e . (A7)
interactions of CN groups; however, additional data would be
useful for lower dinitriles to quantify the dipotedipole cor-
rections for these solutes. In this respect, a compound of
particular interest is propanedinitrile (malononitrile), where two Hex X

terminal nitrile groups are separated by a single methylene o AgoH® +brxy + €%, + ... (A8)
group. Additional experimental studies of aqueous mono- and 12

dinitriles would expand the usefulness and accuracy of GC
models.

and

where the enthalpic virial coefficientsa andhaaa appear in

the statement for the excess enthalpy of an aqueous solution of
a soluteA. Parameterbaa andhaaa are usually determined from

the concentration dependence of the apparent molar enthalpy,
?La, of solution of a soluteA (from enthalpy of dilution
measurements):

or from measurements of the excess enthalpy of mixfy,
of water and a liquidA (see, for example, refs 41 and 44):

whereAgH°® is the standard enthalpy of solution of a solate
in water, and

Appendix: Values of the Enthalpic and Gibbs Energy

Second Virial Coefficients for Aqueous Nitriles Pan = (A9)

b
NW
As follows with a good approximation from the theory of

McMillan and Mayer?* the concentration dependence of the The practical utility of eqs Al to A9 is in the fact that for many

excess Gibbs energ$® of an aqueous solution of a single agueous nonelectrolytes only binary interactions are important

nonelectrolyteA is given by the power series in molality of the in dilute solutions. Therefore, the variants of eqs Al to A4,

solute species: truncated at the second virial coefficieq, are often adequate
up to a molality of dissolved species of about one. Over the

G temperature range (273 to 323) K, one can neglect the (usually

W M Gan + M Gaae.. (A1) weak) temperature dependencengf and obtain the following
relation for the temperature dependenceaygf
whereW stands for the mass of water (1 kg) aggh andgaaa (T)
are the second and third virial coefficients arising from binary Mm=T Gy +h, .- 1 1 (A10)
) . Gaa T AT T
and ternary interactions between solufes r r
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Table A1. Compiled and Group Contribution (GC) Values of the Enthalpic Second Virial Coefficients of Aqueous Nitriles

haa/J-kg-mol—2
Savage-Wood
exptl value GC value method comments
Acetonitrile
8404+ 6% 843 enthalpy of mixing authors’ value bf= 46.9+ 0.3 kjmol%, see eq A9
860+ 843 enthalpy of mixing authors’ value bf= 48 kkmol~1, see eq A9
845 843 enthalpy of dilution authors’ value
Propanenitrile
15704+ 30" 1611 enthalpy of mixing authors’ value bf= 86.9+ 1.5 k3mol%, see eq A9
1900° 1611 enthalpy of dilution authors’ value
2-Propenenitrile
1670+ 20 1611 enthalpy of mixing authors’ value bf= 92.84- 1.0 k3mol~1, see eq A9
Butanenitrile
2560 2452 enthalpy of dilution authors’ value
Pentanenitrile
3300 3365 enthalpy of dilution authors’ value

Table A2. Compiled and Group Contribution (GC) Values of the Gibbs Energy Second Virial Coefficients of Aqueous Nitriles

T gaa/J-kg-mol—2
exptl recalculated Savage-Wood
K value t0 298.15 K GC value method comments
Acetonitrile
310.15 —1484 484 —110+ 48 -162 PX m< 0.95; Iny® in eq A4 is a fitting parameter
323.15 —2204 50%6 —138+ 50 -162 PXY m< 1.5; Iny® in eq A4 is fixed!
273.15 —854 1796 —1704+ 17 —162 freezing temperature  m < 0.55
2-Propenenitrile
323.15 —3904 50°6 —231+50 —232 PXY m< 1.2; Iny~ in eq A4 is fixed!
298.15 —2384 687 —238+ 68 —232 partial pressures m < 1.47; Iny® in eq A4 is a fitting parameter
Butanedinitrile
273.15 —3424 1202 —551+ 130 —542 freezing temperature m= 0.725; GC value ohaa was employed

Table A3. Values of the Gibbs Energy and Enthalpic Second Virial
Coefficients of Group Interactions Relevant for Aqueous Nitriles

groupsi—j Gjj/Jkg-mol~2 Hjj/>kg-mol~2
CH>-CH, —34 362

CH2-CN 334310 312428
CN-CN —162+ 96° —175+ 9P

aValue from ref 98, fixed in the fitting procedure’, Uncertainty at the
0.95 confidence level.

where for the reference temperatufrethe value of 298.15 K
was selected.

Values ofhaa for aqueous nitriles, compiled or evaluated from
literature data, are given in Table Al. Table A2 lists values of
daa for aqueous nitriles evaluated from experimental data.

Determination of the Savage-Wood GC Values for
Aqueous Nitriles

In the Savage Wood formalisme8 there is the following GC
approximation to estimatBaa:

hap = Z nnH; (A11)
]

wheren; andn; represent the number of groupandj in two
interacting molecules of organic compounds in water, Hnd
stands for the excess enthalpy ofiafj interaction. To simplify
calculations, the following counting rules are applicai§léne
CHgs group is equal to 1.5 CHgroup; the CH group is equal to
0.5 CH group. 2-Propenenitrile is considered identical to
propanenitrile. Therefore, the following interactions have to be
considered for aqueous solutions of nitriles: &EH,, CN-

for recalculation to 298.15 K

CN, and CH-CN. Values ofH; were obtained by a weighted
least-squares fitting procedure and the results are presented in
Table A3.

The Savage-Wood model employs the following relation for
the Gibbs energy second virial coefficiefitgaa:

RT

Opn = Z nnG; — o (A12)

W

where G; stands for the excess Gibbs energy of iafj
interaction. Values ofG; at 298.15 K were obtained by a
weighted least-squares fitting procedure, and the results are
presented in Table A3.
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