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THE ESTIMATION OF REACTION ENTHALPY FOR COMPLEX
MOLECULES USING BENSON GROUPS
Comparison of different strategies

R. Nomenl*, M. Bartraz, J. Semperel, E. Serral, J. Sales' and X. Romero*

'Chemical Engineering Department, Institut Quimic de Sarria, Universitat Ramon Llull Via Augusta 390, 08017 Barcelona
R&D Department, Esteve Quimica, S.A., Caracas 17-19, 08030 Barcelona, Spain

Estimation methods developed over years by S. W. Benson and co-workers for calculation the thermodynamic properties of organic
compounds in the gas phase are applied to a pharmaceutical real process with all type of non-idealities. The different strategies used
to calculate the reaction enthalpy of a chemical process, in the absence of data for complex molecules, using the Benson group
additivity method are presented and also compared with the experimental value of reaction enthalpy obtained using reaction calo-
rimetry (Mettler-Toledo, RC1"). We demonstrate that there are some strategies that can be followed to obtain a good estimation of
the reaction enthalpy in order to begin the safety assessment of a chemical reaction. This work is part of an industrial project [1] in
which the main objective was the risk assessment of chemical real and complex processes using the commonly available tools for

the SMEs (with limited resources).
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Introduction

In order to assess the chemical reaction hazards of a pro-
cess it is necessary to have information on the heat of re-
action. The heat of reaction is certainly the most impor-
tant part of all the information needed to evaluate and
calculate the hazards associated with the realization of a
chemical reaction. Moreover, heats of reaction are used
to calculate the temperature increase in a worst-case sce-
nario, assuming loss of heat exchange with the sur-
roundings. For example, the Maximum Temperature
due to the main Synthesis Reaction (MTSR) developed
by Gygax [1]. Data are usually obtained by specific ca-
lorimetric techniques including reaction calorimetry
such as RC1®, ARC® or DSC.

However, for an initial assessment, it is often
sufficient to use data obtained during the course of the
process development together with calculated, esti-
mated or literature data. Moreover, for various rea-
sons, the experimental determination of reaction heats
for processes is not always feasible or practical, espe-
cially in the Small and Medium Enterprises (SME).
Predictive techniques are therefore a necessary part of
the tools used in the assessment of overall energy
release of a chemical reaction.
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Theoretical background

A good initial estimate of the heat of reaction can be
obtained by calculation from the heats of formation of
the reactants and products using Hess’s Law, thus:

A rH = Z A[_If Products Z AHf Reactants (1)

The precision of the results obtained relies on the
accuracy of the heats of formation of the reactants and
products and the level of completeness of the reac-
tion, but it can be also affected by side reactions,
changes of state or solution/dilution effects.

According to the literature [2, 3], the Benson
method of group additivity is probably the most widely
used and practical method for estimating thermody-
namic data of organic species. This method estimates
the heat of reaction with more precision and reliability
than any other current methods available. So, this
method can be used to estimate heats of formation of
complex molecules for which data are usually not avail-
able. In addition, the heats of reaction can be estimated
by analogous reactions using simpler species (where the
heats of formation of these species can also be estimated
using the Benson’s method of group additivity).

This method was developed 30 years ago [4], in-
troducing some improvements to the existing method
(Average Bond Energy Summation). This method
takes into account:
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+ The linking envelope effect to the main group/atom
+ The rings effect

+ The isotopic effect (cis/trans, ortho/meta/para)

+ The non-linking interactions.

The result is a more accurate method than the
previous one (normally the uncertainty achieved by
this method is from 9 to 13 kJ mol ™' for substances
which contain the following atoms: C, H, N, O) [4].
On the other hand, the improved method is more com-
plex to use and requires more data for
parameterisation (due to the higher number of groups
used) than the previous one. By means of this method,
the gas-phase formation enthalpies of reactants and
products or the reaction enthalpy can be calculated.
Thus, the key point for an accurate estimation of the
reaction enthalpy is the correct choice of the Benson
groups to be used.

Perhaps the more widely spread computer pro-
gram for the estimation of thermodynamic data and
hazards assessment is CHETAH® [5], which possibly
includes the most extensive available database of
Benson groups. However, there are two important
limitations of this method. The first one is the lack of
accurate data for some organic functional groups,
which are present in the complex molecules com-
monly used in the fine chemical industries. The sec-
ond limitation is the fact that the majority of the meth-
ods for thermodynamic data estimation are only for
gas species, whereas usually, the organic reactions are
carried out in the condensed phase. Thus, to take full
advantage of the CHETAH" computer program, some
kind of strategy must be followed to get the most ac-
curate estimation.

To show some of the possible strategies that can
be followed when a necessary group is missing, we
present the results obtained in the estimation of the re-
action enthalpy of a real complex reaction (Scheme 1)
using as a computing tool the program CHETAH"
v.7.2. The accuracy of the results obtained was veri-
fied by means of Reaction Calorimetry RC1°.

R-0SO,-R+R”-SH-R-S-R”+R’~-SO;H
Scheme 1 Reaction analysed
Results and discussion

For the estimation of the heat of this reaction in gas
phase, all the necessary groups of Benson were not
available in the current version of the computing pro-
gram. In this reaction, the Benson groups which con-
tain the molecular group SO,, as the central group or
as the ‘environment’ (The central group is to the left
of the hyphen in the notation used in CHETAH" and
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the environment is to the right of the hyphen), are ab-
sent in the current literature because of the problems
associated with their experimental determination [6].
The different strategies tested for the determina-
tion of the reaction enthalpy are presented below:

Strategy one

In the literature [4] it is recommended that, when
dealing with an absent group, this can be substituted
by another one of 'similar' nature. Substitutions in the
'environment' are allowable, but the environmental
changes should be as similar as possible to the envi-
ronment. Substitutions in the central group are NOT
allowed in this technique.

This strategy is applied to the reaction consid-
ered as follows:

When the group SO, belongs to the environment,
it can be replaced by the known and relatively ‘simi-
lar’ group CO. The absent Benson groups
[0—(C,SO,)] and [OH—(SO,)] have to be replaced by
the known groups [O—(C,CO)] and [OH—(CO)].

When the group SO, is the central group (which
cannot be substituted), the environment groups have to
be replaced by known and 'similar' Benson groups,
while keeping the same central group. The absent
Benson group [SO,—(0,C)] is replaced by the known
group [SO,—~(2C)]. Note that all the substitutions occur
on the right-hand side of the ‘dash’ in the modified nota-
tion, which is the environment part of the group.

In Fig. 1 the introduction of the detailed groups of
this strategy in the CHETAH" program is presented.

& CH- and C- Groups B

€ Aromatic(Cb and Cp) Groups

6 =C=, =C-, =CH-. =Cim Groups S02-(2Cb)

O Oxygen Groups -_‘ S02-(2N)

& Fluorine Groups S02-(20)

6 Chlorine Groups S02-(C. =C)

& Bromine or Iodine Groups S02-(C, Cb)

& Nit: jen_Grou S02-(Cb, =C)
T — | Sox-(co S02)

Phosphorus Groups
e e g

Search By: [ﬁ

Audbiow | RemoveGiow | EvamneDabase | o | oy i | oveviion |

Fig. 1 Strategy one introduced in the CHETAH® program

Strategy two

The literature [4] also suggests that one can proceed
by interpolation or extrapolation of known group val-
ues in a series of homologous groups in order to ob-
tain a better accuracy of the estimated groups. It is im-
portant to realize that one should try to perform these
operations in the ‘environment’. If that fails, one can
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Table 1 Estimation of SO,—(C,0) group using strategy two

Table 2 Estimation of SO,—(C,0) group using strategy three

Strategy two Strategy three

S0,~(2C) 288 kJ mol ™! AHf (g, PhSO;H) -376 kJ mol ™!

SO,—(20) 417 kJ mol™ Estimation using Eq. (2)

Estimated group AHTf (g, MeSO;H) -503 kJ mol™!

S0,—(C,0) -353 kJ mol ™! Known groups

CH;—(SO,) —42 kJ mol ™

interpolate in the central group, while keeping the en- HO—(SO,) -159 kJ mol™
vironment constant, but with lower accuracy. Thus, Estimated group
interpolation or extrapolation in the environment is S0,~(C,0) 302 KJ mol™"

preferable because environmental group changes lead
to values that are not very different and errors will be
minimized, whereas central group changes lead to po-
tentially larger errors.

Following this second strategy, the absent Benson
group [SO,—~0,C)] can be estimated by interpolation in
the series [SO,—~(2C)] to [SO,—~20)] (presented in Ta-
ble 1). From this value, known value of the formation
enthalpy of the gas molecule (CH;SO,OCH;), which
contains the last absent Benson group [O—SO,,C)], and
the knowledge of all the other Benson groups contained
in this molecule, it is possible to estimate the value of
the last absent Benson group [O—(SO,,C)] (will be pre-
sented in Table 3, see below).

However, this strategy can only be applied if the
property of bonding addition is fulfilled and, according to
the literature [6], this is not the case in this example.

Strategy three

Finally, because the value of the formation enthalpy
of methanesulfonic acid in the gas phase can be deter-
mined and the formation enthalpy of the compound
CH3S0O,0Me is known, it is possible to obtain the
values of the necessary absent Benson groups
([SO,~(0,0C)] and [O—S0O,,C)]) to calculate the reac-
tion enthalpy presented in Scheme 1.

Application of this strategy to the reaction con-
sidered is as follows:

* Because the value of the formation enthalpy of
PhSO;H in the gas phase is known and using the
specific relation shown in Eq. 2 [6] (specific for a
group SO, linked to benzene), it is possible to ob-
tain the formation enthalpy in the gas phase of
methanesulfonic acid.

AH{g,CH;SO;H)=AH{(g,PhSO;H)-127.1 kJ mol '(2)

* From this value and the knowledge of all the other
groups which form this molecule (extracted from
CHETAH"), it is possible to obtain the value of the
unknown Benson group [SO,—(C,0)] (presented in
Table 2).
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* Finally, from this value and the formation enthalpy of
CH;S0O,0Me it is possible to determine the last un-
known group [O—(SO,,C)] (presented in Table 3).

All these values of the Benson groups can be
used to calculate the formation enthalpies in the gas
phase of the reactants and products. Furthermore,
these formation enthalpies can be used to calculate
the reaction enthalpy (also in the gas phase) using
Hess law (Eq.(1).

The values of the reaction enthalpy in the gas
phase are corrected to obtain data under real process
conditions, which is not described here [7]. These val-
ues (Table 4) are compared with the experimental
value of the reaction enthalpy (—133+5%) obtained
using reaction calorimetry (Mettler-Toledo, RC1%).

The analysis of the results presented in Table 4,
show that strategy one generates a good approxima-

Table 3 Estimation of O—(SO,,C) group using strategy two
and three

Estimation of group O—(SO,,C)

AHf (Ig, CH;SO,0Me) —564 kJ mol!
AHvap (CH;SO;H) 89 kJ mol ™!
Estimation

AHf (g, CH;SO,0Me)  —475 kJ mol™!
Known groups Str. 2 Str. 3

CH;—(S0,) 42 42 kJ mol™
CH;—(0) 42 42 kJ mol™
S0,~(C,0) -353 -302 kJ mol ™!
Estimated group

0-(S0,,0) -38 -88 kJ mol™!

Table 4 Results obtained. (a) Referred to mol of limiting re-

actant
Strategy Reaclgolillglr}tlg?lp y/ Estimation error/%
one -124 6.8
two —-182 37
three -131.4 0.8
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tion to the experimental value (only 7% error), which
is satisfactory for preceding the next steps of the pre-
liminary evaluation process of the reaction hazards.
The accuracy of this estimate could come from the
use of a similar functional group and the reliability of
the data used to make this estimate. Strategy two gen-
erates an erroneous result (37% error), but at least it is
an error by excess so the results obtained would be
conservative. This error could come from the applica-
tion of one of the estimation rules, which cannot be
done in this case, as it is suggested in the literature
[6]. Strategy three generates the most precise data
(1% error). The low error is probably due to the reli-
ability of the data used and the fact that, in this strat-
egy, the central group remains constant. However, if
the results obtained for the gas-phase reaction enthalpy
were not corrected by the change of phase enthalpies,
the error obtained would be greater (for example for
strategy three the error would be around 80%).

Conclusions

When estimating a heat of reaction using the Benson’s
method, there are different strategies that can be fol-
lowed when one or various Benson’s groups are absent.
The proposed strategies applied with the
Benson’s group additivity method generate quite
good data for the calculation of the heat of reaction.
The choice of an erroneous strategy, or an error
in the correction of the data obtained with the Benson
groups in the gas phase could generate erroneous re-
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sults. The method has to be selected taking into ac-
count the reliability of the available data, the reaction
and the available means.
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