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We present a theoretical study of the internal rotation of HSOH. Calculations at the ab initio HF//6-311G**
level show that HSOH is a gauche molecule presentidguble-barriertorsional potential. The different
mechanisms associated with isomerization passing by a trans or a cis barrier have been characterized with
the use of the profiles of potential energy),(electronic chemical potentiak), and molecular hardness)(
Important results have been obtained: (&) the principle of maximum hardness is verified; (b) the profiles of
w andy in connection with that of local electronic populations allows one a qualitative characterization of the
nature of the two potential barriers hindering the internal rotation.

1. Introduction seems to be valid even under less severe conditions than the
ones stated above. Relaxation of the constraints seems to be
permissible, and in particular it has been found that the PMH
still holds even though the electronic chemical potential strongly
varies along a reaction coordin&t@?121618 For more details
about this point, we refer the reader to the review on the PMH
by P. K. Chattard] and to the excellent account on the
molecular hardness concept by R. G. Peat3on.

The aim of this paper is 2-fold; on one side it is methodologi-
cal because there is a theoretical model that we use to gelate

In this paper we are concerned with the study of the internal
rotation process in hydrogen thioperoxide from the perspective
of the simultaneous evolution of the potential energy, the
electronic chemical potential), and the molecular hardness
(). Along the torsional angle HSOH presents the interesting
feature of having a single well with two energy barriers. This
allows one to study, in a single molecule, the different
isomerization paths in terms of specific mechanisms and local
interactions. This give insights about the nature of the potential i )
barriers. n, andV8~10 and also because we test the quality of different

Density functional theory (DFT) has provided the theoretical theoreticall procedures to compute the electronic properties. On
basis for concepts that are implicated in the reactivity of the other side, we want to contribute to the knowledge of HSOH,

a molecule that is thought to participate as an intermediate in
atmospheric reactions leading to depletion of ozone and in

system, and the molecular hardness can be seen as a resistan¥@0Us processes associated with the atmospheric oxidation of
to charge transfer:® Both are global properties of the system, sulfides, one of the chemical processes that leads to aciéPréin.
and the characterization of their profiles along a reaction ~We have mentioned that in its electronic ground state HSOH
coordinate has been shown to be useful to study new aspectds & gauche molecule with two barriers for internal rotation that
of the progress of chemical reactiohig? are located at the planar trans and cis conformaibnghere

One major focus of attention in DFT is the principle of is experimental evidence for the existence of hydrogen thio-
maximum hardness (PMH) that asserts that molecular systemsP€roxide in an argon matdand in the gas phasé. From a
at equilibrium tend to states of high hardnéds;!3 transition theoretical viewpoint HSOH has been little studied. Few papers
states should therefore present a minimum value of hardnesshave been published, most of them aimed at studying the
We have shown recently that the search of consistency betweerinolecular structure and gas-phase acidities and to characterize
the PMH and the Hammond postulitenay lead to a better ~ the thermochemistry of its radicals2427 HSOH presents two
characterization of transition statesAlthough Parr and Chat-  Planar conformers, cis and trans, which are higher in energy
tarajt> showed that the PMH holds under the constraints that With respect to the gauche stable conformation.
the external potential and the electronic chemical potential must The paper is organized as follows. In section 2 we present
remain constant upon distortion of the molecular structure, it the model relating:, 7, andV along the reaction coordinate. In
section 3 we present and discuss our results, and section 4
* Author for correspondence. E-mail: atola@puc.cl. contains our concluding remarks.
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chemical species. The electronic chemical potential character-
izes the escaping tendency of electrons from the equilibrium
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2. Theoretical Background and

The reaction coordinate is the torsional angldefined with Auo] = wAu® + Q (Ag[w] — wAR°) 9)
respect to the SO bond and measured from the trans Q) to
the cis (0 = ) conformations. The potential function hindering whereQ, = KV/K,,, Q. = Kv/K,, andQ = Q,/Q,.1° From the
the internal rotation of HSOH in the representation is given  above expressions, it is possible to obtain a global equation
by8-10 accounting for the simultaneous evolution of the three properties
along a reaction coordinate, and combination of eqs 7 and 8

V(o) = K (1—cofa) + AV°(1 —cosa) (1) yields

1
whereKy is a parameter associated with the reference confor- Vo] = E(Vn[w] + Vﬂ[w])
mations andAV°® = (V(r) — V(0)) is the energy difference

between them. N | _ = WAV® +2Q (Au[w] — wAu) +
It has been shown that it is useful to define a reduced reaction 2
coordinate measuring the reaction progress when going from 1 _ o
reactants to products. The reduced coordinatewhich has (Anlo] = wAn’) (10)
been callecconformational functionis related to the torsional . ) . . . ) )
anglea througho = (1 — cosa)/2; it varies from zero (trans) This is an interesting equation because it combines energetic
to one (cis). The functional defining the potential energy in (V) With mechanistics aspects (included anand ») of the
the w representation is given By dynamical process. The position of the stable isomer can be
determined by differentiating eq 1 or 2 such tha¥/dw).=s
Vo] = K flo] + oAV° @) = 0. s the position of the gauche conformation and, defined

in terms of the potential energy parameters, is given by
wheref[w] = w(1 — ) is obtained by replacing the definition .
of wineq 1. The definition oft andyn were given by Parr and = 1 + AV (11)
Pearsort,and a three-points finite difference approximation leads 2 2K,
to the following working definitions of these quantities

Putting in eq 1 or 2 yields the following expression for the
energy of the gauche isomer, and the negative of it corresponds

__1 :
“= 2(|P + EA); to the trans potential barrier

n= 2(IP EA) 3)
IP and EA are the first vertical ionization potential and electron . (AV°)

affinity of the neutral molecule, respectively. The Koopmans’ AV = —-V[p] = K + EAV K, (12)
theorem (IP~ —E4 and EA~ —E_) allows one to writex and

n in terms of the energy of frontier HOMCE(;) and LUMO By evaluating eq 10 inw = 8 we obtain an alternative

(EL) molecular orbitals expression for the trans activation energy, now in terms of the
1 1 activation chemical potential\u* = Au[f]) and the activation
u= E(EL +Ey); n= E(EL =Y, (4) hardness An* = An[f])

Determination oft andz from quantum chemistry involves AV = 1 1
a different kind of calculations; ASCF procedure should be — o4 = _ 0y 4 = _ °
used when applying eq 3, and the Koopmans'’ theorem is implicit pav+ ZQ”(Aﬂ P+ ZQ" (A= pAr)) (19)
in eq 4. Reliability and estability of numerical results obtained
through different methodologies will be analyzed in the next
section. Now, sinca andy are global properties of the system,
their evolution along the reaction coordinatedf ) is correctly
represented through the same analytic form already used for
the torsional potential (o) or V[w]). Therefore, for the
chemical potential we can write

This equation connects the three activation properties through
the parameter®, andQ,, it might provide new interpretations
of the nature of activation energies, and certainly it may help
to give new insights about reaction mechanisms. It is important
to mention that for different types of reactions it has been found
thatu andy pass through an extremagbr very near to i€ 19
this ensures that eq 13 produces reliable values of potential

ulw] = u[0] + K flw] + oAu (5) barriers from the knowledge of activation electronic properties.
On the other hand, it should be pointed out that eq 12 is
and for the molecular hardness structurally homogeneous to the Marcus equation originally
proposed to characterize electron-transfer procésaed later
nlw] =n[0] + K, flo] + wAn® (6) on used for interpretation of different kinds of chemical

reactiong® A term-to-term comparison of these two equations
The parametersAu°, K,) and (Ay°, K,) have the same  shows thatl/, Ky is associated with the Marcushtrinsic
meaning that AV°, Ky) have forV[w]. We have shown that  actiyation energy(AV;). At this point we can explore further
the numerical values of these parameters can be obtainedmpiications of this term, and according to eq 13, the intrinsic

following a prescription we give in previous works'® If we activation energy can be written as
use Aulo] = (u[w] — u[0]) and An[w] = (n[w] — 7[0]),
combination of egs 2, 5, and 6 leads to 1 (AV°)

B i B ) ZKVEAVZ) iK, + Q(A*—ﬁAﬂ)+
V,[o] = wAV® + Q, (Au[w] — wAu®) (7

V,[0] = 0AV° + Q, (An[w] — wAR°) (8) EQ,u(An — BAR°) (14)
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Since the first term that includes the exothermicity of the
reaction is normally smaller than the other two terms, it is
possible to give a physical interpretation of the Marcus’ intrinsic
activation energy: it arise from the electronic propertieand
77, and therefore it should be fully characterized from the analysis
of the electronic density.

3. Results and Discussion

The profiles ofV, u, andy were obtained through SCF ab
initio calculations at the RHF level with the standard 6- -311G**
basis set using the Gaussian 94 packdg&he force gradient
method with analytical gradient was used for full optimization
of the structural parameters every’Hdong the torsional angle
o. In addition to this, sincex and » were also estimated
following a ASCF procedure, extra calculations were performed
using the UHF and ROHF theories.

3.1. Molecular Structure. The optimized geometrical
parameters at the HF/6-311G** level for the gauche stable
conformation ardl(SO)= 1.652 A, R(SH) = 1.333 A,R(OH)
=0.942 A, 0(HSO)= 98.7, O(HOS)= 109.%, and dihedral
angleJ(HSOH) = 91.2. Note that the optimized position of

the gauche stable conformation along the torsional angle is given

by oo = 7 — 91.2. Although infrared absorption assigned to
HSOH has been record®@and the technique of neutralizatien
reionization mass spectrometry (NRMS) has been used to
identify the molecule in the gas pha&mo experimental data
are available concerning the equilibrium geometry. However,
it is important to point out that our theoretical estimation for

the structural parameters of HSOH are in quite good agreement

with the experimental geometrical parameters extracted from
the parent HOOH and HSSH molecufés.

3.2. Determination ofg and 5. The aim of this section is
to study the effect of the methodology employed on the
numerical values oft and#. For this purpose we compare
results determined by means of two different methodologies.
The first one is theASCF procedure in which the IP and EA
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Figure 1. Evolution along the torsional angle of the chemical
potential (a) and hardness (b) calculated following different procedures.
The RHF fitted curves (no symbols) are also included. All values are

values of egs 3 are evaluated by carrying out separate SCFgiven in eV.

calculations for ions at the relaxed geometry of the neutral

molecule. The corresponding open shell systems were calcu-the IP’s and EA’s against the frontier HOMO and LUMO

lated using both the UHF and ROHF theories. The second
methodology we use to determinendy consists of application

of eqs 4 withEy andE, obtained from the RHF calculation on
the neutral molecule. It should be noted that both methods to
estimatex andy include errors from electronic correlation and
relaxation effects or arising from inadequacy of the Koopmans’
theorem.

Figure 1 shows the change @fands; alonga. As already
mentioned, numerical values were obtained through egs 3
(curves labeledSCF(UHF) andASCF(ROHF)) and 4 (curve
labeled RHF). For comparison purposes, we display the
calculated RHF curves along with the corresponding fitted ones.
It is found that the analytic forms we use in this paper represent
correctly the main features of the evolutionofand# along
the reaction coordinate. Similar favorable comparisons are
expected for the ROHF and UHF calculations.

Concerning the comparison among different methodologies,
we first note that they show the same qualitative trend.
Numerically the RHF values differs considerably with respect
to the ones determined from theSCF procedure. The fact
that theu(RHF)'s are smaller than the ones determined from
the ASCF procedure and that t€RHF)’s are larger than the
ASCEF ones, is indicates that the useEpfs to estimate EA’s
is not as appropiate as it is the usemfs to estimate IP’s.
This observation is confirmed in Figure 2 where we display

orbitals. We note that ROHF and UHF results follow practically
the same behavior. Very good correlations between the IP’s
and HOMO's are obtained whereas correlations between the
EA’s and the LUMO'’s are not so good. Our results support
the fact that RHF calculations produce quite good estimations
of ionization potentials but they are less appropiate in estimating
electron affinities.

A corollary of Figure 1 is that UHF and RHF results are
defining upper and lower limits for and#. In Figure 3 we
show that these limiting values are quite well correlated along
the reaction coordinate. These correlationsif@ndz, shows
that different methodologies lead to similar qualitative results;
these are in turn quantitatively related through a simple two-
parameter linear regression. Hardness shows a significantly
better correlation than the chemical potential; howeverthe
values estimated through the UHF and RHF methods are
numerically closer to each other than are the hardness values,
as shown in the insets. In summary, the three methodologies
we have used here lead to the same qualitative behavier of
and# along the reaction coordinate, the numerical values of
these properties were found to be related to each other through
linear relations. Similar conclusions have been reached by other
authors regarding the molecular hardn&sg® Chattaraj et
al3233gbserved that although the numerical values may differ,
the overall trends remains unaltered whgis calculated using
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Figure 2. Linear correlations between UHF electron affinities and
ionization potentials with the RHF LUMO and HOMO energies. The
points represent the calculated values along the reaction coordinate. 5.8
All values are in eV. 8
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either eqs 3 or 4. In light of the above results, only the RHF
results foru and » will be retained for discussion in the
remainder of the paper. 5.7
3.3. Electronic Correlation Effects. The results discussed b
in the previous paragraphs consider the relaxation effects only;
the electronic correlation is not included. A rough estimation

-0.82

S0 0 30 60 90 120 150 180 2

aldegrees
of correlation effects can be obtained from post Hartrieeck E 5.6
calculations. We have performed MP2 calculations with full . ™
geometry optimization at each point of the reaction coordinate. ::l:
These calculations led us to obtain the torsional potential,
chemical potential, and molecular hardness at the MP2 level. 8
The latter properties were calculated through eq 4, and the results <1 5 5 |

are displayed in Figure 4, where for comparison purposes we
have also included the corresponding RHF values.

Although not displayed here, the overall effect of electronic
correlation is to lower the energy by an average amount of about
0.34 au. The energies of Figure 4a are relative to the trans 5.4
value, and so we observe that only the cis barrier height is
affected by correlation; it is increased by about 0.60 kcal/mol.

(b)

In Figure 4b we note that correlation effects appear to be quite 6I2 6l3 6'4 6:5 6:6
important in the evaluation of chemical potential. Although ) )
the general feature is the same, MP2 calculations lead to lower RHF/eV

u values than the ones estimated through the RHF calculations,,:igure 3. Comparison betweeASCF(UHF) and RHF procedures to
and a difference of about 0.18 eV is reached in the trans region.calculatex (a) andy (b). The insets show the deviations with respect

In contrast to this, Figure 4c shows that the effect of electronic to each other.

correlation on the molecular hardness is quite negligable; it can

be distinguished only in the trans region. It is interesting to  3.4. The Principle of Maximum Hardness. In Figure 5

note that correlation has a global effectoibut a local effect  we provide an illustration of the validity of the PMH. It shows
onn. The correlation effect tends to lower the energy of both both the torsional potential and the molecular hardness along
frontier HOMO and LUMO molecular orbitals. However, since the reaction coordinate. In agreement with the PMH, it can

the lowering does not occur homogeneously by about the samebe seen that the energy minimum is associated with a hardness
amount of energy along the reaction coordinate, it appears thatmaximum whereas energy maxima are connected with hardness
the global correlation effect is large inbut less iny. minima. It is clear that, as pointed out by Chattdfathe
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Figure 4. Effect of electronic correlation on the torsional potential (a), chemical potential (b), and molecular hardness (c).

the escaping tendency of electrons will be favorethtreases),

and the resistance to charge tranfer will decreagele¢reases).
With the help of Figure 6 it is possible to make a qualitative
difference among the reaction mechanisms defining the cis and
trans paths; this can be done through the analysis of the slopes
associated with them. We note théiV/ou)cis| > 1(0V/9u)trand

and |(aV/an)cs| > 1(dVIan)uand; this indicates that the rear-
rangement and polarization of the electronic density is faster in
the cis path than in the trans path. Therefore, the cis path should
be associated mainly with through space interactions whereas
the trans path should be characterized by through bond
interactions. These qualitative observation will be confirmed
. in section 3.7 with the analysis of the bond electronic popula-
I v L 6.2 tions in connection with the isomerization mechanisms.

3.6. Activation Properties. In Table 2 we collect the
activation barriers and the properties defining the gauche
conformation. It can be seen that agreement between predicted
and optimized values is quite good. The position of the gauche
stable conformation is predicted by eq 11 to b@ at 0.46 in
agreement with the optimized value at the RHF level that was

maximum hardness condition complements the minimum energy/? = 0-48. The trans barrier height predicted through eq 12 is
criterion for molecular stability. found to beAV* = 4.60 kcal/mol, in very good agreement with

3.5. The Relation between, 5, and V. Figure 6 shows a the optimized vallue of 4.62 kcal/mol. Note that the experi-
3D plot of the simultaneous evolution of the isomerization Mental trans barrier for the parent HOOH and HSSH molecules
process in théu, 1, V} space; included in the plot are the three are 1.10 kgal/m@l‘ and 5.82 kcal/mot® respectively. The
projections onto the respective planes. The 3D curve can pecorresponding calculated values at the RHF/6-311G** are Q.87
rationalized through eq 10, whereas the resulting projections kcal/mol (HOOH) and 5.65 kcal/mol (HSSH). The trans barrier
obey egs 79. These equations have been used to fit the RHF height for HSOH is expected to be somewhere between the
numerical values, and the resulting parameters are quoted invalues for these reference molecules; a rough estimation might
Table 1, together with the reference values determined directly be the average of the experimental values, 3.46 kcal/mol, which
from the calculations. Figure 6 shows that the trajectories IS quite close to our predicted and optimized values considering
defined by the torsional motion to go from the stable conforma- that the zero-point correction was not included in our estima-
tion to either of the planar conformations (transition states) are tions.
different in nature. Any departure from the stable conformation  The chemical potential at the gauche stable conformation is
will produce a change in the molecular properties; in particular, Au(f) and is obtained from eq 7; the resulti8.58 eV, which

V(Kcal/mol)
n{eVv)

-6 T T T T T T T
<30 0 30 60 90 120 150 180 210

aldegrees

Figure 5. Simultaneous evolution of the torsional potential and
hardness along.
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-3.48

il 6.2

Figure 6. 3D representation of the isomerization reaction in {pe
n, V} space. The yellow curves are the projections onto{theV},

{u, n}, and{n, V} planes.

TABLE 1: Fitting Parameters Defining V, u, and 5
Following Egs 7—1(#

parameter fitted calculated

Ky —22.29 —22.13
AV° 2.04 2.21

K. —0.580 —0.430
Au® 0.0092 0.0037
u[0] —3.4482 —3.4482
K, 1.4660 1.3039
An° 0.0360 0.0390
7[0] 6.2263 6.2263
Q, 1.6677 2.2396
Qu —0.6598 —0.7364
Q —0.3956 —0.3288
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aThe parameters e}ssociated Wit.h the potential energy are given in(b). The vertical arrow indicate the stable conformation. The arrow
kcal/mol; those associated to chemical potential and hardness are givemointing to the left indicates the trans path, whereas the arrow pointing

in eVv.

TABLE 2: Activation Barriers and Properties of the
Gauche Stable Conformation of HSOH

parameter predicted optimized
Av:‘rans 4.60 4.62
A\/(’ji5 6.64 6.83
B 0.46 0.48
V(B) —4.60 —4.62
u(B) —3.58 —3.58
i) 6.61 6.62

a Potential energiesV) are in kcal/mol,x and# are in eV.

matches exactly the RHF optimized value. Similady(53)
was determined from eq 8, leading to 6.61 eV, compared with
the optimized value of 6.62 eV. The overall good quality of
the numerical data produced by egsIO (see Table 2) indicates
the reliability of our model in rationalizing the simultaneous
evolution of the energy, chemical potential, and hardness.
3.7. Bond Densities and Isomerization MechanismsTo
get more insight into the torsional mechanism, a quantitative

to the right indicates the cis path to isomerization.

wherepy is the Mulliken electronic density of the boxdn the
molecule. The relative electronic population of the SO central
bond is in turn defined as

P30 = PsdPbond (16)

In Figure 7 we display the evolution @hong pso, andpgo
alongw. We note in Figure 7a thainqg decreases monotoni-
cally when going from trana(= 0.0) to cis¢p = 180.0) whereas
both pso and p&o show a parabolic behavior with a maximum
value at the gauche stable isomer. As pointed out in the analysis
of Figure 6 and indicated by the arrows in Figure 7a, when
standing at the gauche conformation two reaction paths are
possible; the one passing by the trans barrier is accompanied
by an increasing bond density. The second path goes by the
cis barrier and implies a decreasing bond density. Since there
is no change in the total number of electrons during the internal
rotation, any change in the electronic population of the bond
region must be accompanied by an opposite change in the atomic

characterization of the charge density is necessary. We analyzecharges. This simple picture of balanced electronic charges

in this section the evolution along of the Mulliken electronic
population localized on the bond regions. The total bond
electronic population of the molecule is given by:

Pbond = Psn T Pso T Pon (15)

centered on the bond regions or on the atomic center may help
understand the nature of the two potential barriers involved in
the rotational isomerization process.

Figure 7a in connection with Figure 5, which shows that the
trans barrier is smaller than the cis one, indicates that a high



7870 J. Phys. Chem. A, Vol. 102, No. 40, 1998

cis trans c6d

TN\

-3.48 6.5

pIeV
nleV

3524 6.4+

6.34
-3.56 4

6.24

-3.44
6.6

-3.484 6.54

p,IeV
'quV

3524 6.4

6.3
-3.56 4

6.2+

0.12
Figure 8. Dependence aof and#n with respect tgopond and p&o.

barrier is associated with a decreasing bond density. This mus

increase the atomic charges, and therefore the cis barrier shoul

be mainly due to electrostatic ateratom through space
interactions. In contrast to this picture, the same analysi
suggests that the trans barrier is characterizethimugh bond
interactions. In particular the SH and OH terminal bonds favor
this type of interaction. Figure 7b shows that any departure
from the equilibrium isomer (to go to trans or cis conformations)
weakens the SO bond even though Figure 7a indicates that whe
going to the trans conformatiog,ong increases. Therefore in

S
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hardness an@2o. Seen as a resistance to charge transfer, a
decreasing hardness implies that the molecule will spontaneously
distort owing to the weakness induced on the central bond.

4. Summary and Concluding Remarks

In this paper we have performed a theoretical study of the
internal rotation of hydrogen thioperoxide. The isomerization
process has been characterized through the evolution of the
potential energy, chemical potential, and molecular hardness.
Different procedures have been used to estimaa@dn with
the result that they lead to the same qualitative behavior; in
particular, the RHF calculations using the Koopmans’ theorem
was found to be adequate to describe these electronic properties.
We have obtained good estimations of barrier heights and
properties associated with the stable isomer. An important result
of this paper is that the PMH is verified even thoygharies
along the reaction coordinate.

The mechanisms for departure from the equilibrium confor-
mation have been characterized through an increasiagd a
decreasing;. This behavior, in connection with the change of
some electronic populations, allows a qualitative identification
of the specific intramolecular interactions that are at the origin
of the physical nature of the two potential barriers.

Characterizing the nature of the potential barriers is a very
difficult task because many effects and specific interactions
should be rationalized correctly. We have shown that the
information we obtain from the study of a chemical reaction in
tthe {u, n, V} space should be necessarily complemented by
ahe information provided by the analysis of local electronic
properties. There are different properties that can be used to
predict stability and reactivity® connection among them will
provide new insight to help rationalize the chemical behavior
of molecular systems.
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